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EFFECTS  OF 
HOT   AND    COLD   APPLICATIONS 

ON  THE  SUPERFICIAL  AND  DEEP 
TEMPERATURES. 

By  J.  J.  R.  MACLEOD,  M.B.,  Ch.B.,  D.P.H.,  F.R.S.C, 

PROFESSOR  OF  PHySIOLOGY,   UNIVKBSITY  OP  TORONTO  ; 

A.  R.  SELF,  M.A., 

RESEARCH    ASSISTANT    TO    THE    RESEARCH    COMMITTEE    OF    THE 
DEPARTMENT  OF  MILITIA  AND  DEFENCE  OF   CANADA; 

AND 

N.  B.  TAYLOR,  M.B.,  Ch.B., 

CAPTAIN,   C.A.M.C. 

(Fi'om  the  Laboratory  of  Physiology,  University  of 
Toronto.) 


That  the  local  application  of  heat  or  cold,  to  the 
surface  of  the  body  is  of  value  in  the  treatment  of  a 
variety  of  clinical  conditions  is  well  known,  but  no  data 
apparently  exist  to  show  the  extent  to  which  the 
application  causes  actual  change  in  the  temperature  of 
the  underlying  tissues.  With  the  aid  of  the  Research 
Committee  of  the  Medical  Services  of  the  Department 
of  Militia  and  Defence  of  Canada  we  have  undertaken 
to  carry  out  a  series  of  observations  to  collect  such 
data,  and  the  interesting  and  definite  character  of  the 
results  has  prompted  us  to  offer  a  brief  account  of 
them  at  the  present  time. 


llic  Apparatus. 

The  observations  have  been  conducted  on  rabbits. 
Heat  or  cold  was  applied,  over  an  area  of  shaved  or 
closely  clipped  skin  by  means  of  an  appliance  which 
we  have  styled  the  "  applicator."  For  heat  two  types  of 
these  have  been  used — either  an  electric  pad  (9'5  cm.), 
giving  with  0"6  amps.,  temperatures  ranging  up  to  55°  C, 
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or  a  water  applicator,  consisting  of  a  glass  tube  of 
20  mm.  internal  diameter,  closed  at  one  end  by  a  thin 
rubber  membrane  and  having  water  from  a  heat- 
insulated  reservoir  cii'culating  through  it  at  a  definite 
and  constant  temperature. 

The  exact  temperatures  at  the  point  of  contact  of  the 
applicators  with  the  skin  was  recorded  from  time  to 
time  during  the  observations  by  means  of  thermo- 
electric couples  placed  either  in  the  cloth  covering  the 
electric  pad  or  just  inside  the  rubber  membrane  of  the 
water  applicator.  To  measure  the  temperatures  of 
the  tissues  thermo-electric  couples  mounted  within 
hypodermic  needles  were  used.  The  couples  were 
made  of  copper  constantin  wires,  the  ends  being 
twisted  together,  and  the  junction  coated  with  shellac. 
The  sharp  ends  of  the  hypodermic  needles  were  sealed 
with  a  little  solder,  so  that  the  couple,  occupying  about 
4  mm.  of  the  needle,  lay  as  near  as  possible  to  its 
point. 

The  position  of  the  thermo  junction  in  the  tissues 
was  determined  by  measurement  of  the  depth  to  which 
the  needle  was  inserted  into  the  tissues,  and  the  angle 
which  it  made  with  the  surface.  The  couples  were 
connected  with  an  Ayrton-Mather  dead  beat  galvano- 
meter, and  with  a  Leeds  and  Nothrup  precision  potentio- 
meter, giving  direct  readings  down  to  1m  V.  Since  the 
above  couples  have  a  thermo-electric  force  of  40mV.  per 
degree  C,  this  means  that  differences  of  jV  C.  could  be 
measured  with  precision.  The  couples  were  calibrated 
by  placing  the  hot  junctions  (in  the  hypodermic  needles) 
in  a  bath  of  warm  water  with  a  stirrer  and  noting 
the  temperature  differences  corresponding  to  given 
E.M.F.'s.  The  cold  junction  was  placed  close  to  the 
bulb  of  a  sensitive  certified  mercury  thermometer  in 
water  near  room  temperature  in  a  large  Dewar  flask. 
From  the  results  a  calibration  curve  was  constructed. 
The  above  method  has  been  adopted  after  trial  of 
several  others,  and  we  are  greatly  indebted  to  Professor 
E.  F.  Burton,  of  the  Physics  Department  of  Toronto 
University,  for  his  valuable  assistance  in  this  part  of 
the  work. 


Observations  of  Normal  Temperatures. 

A  series  of  preliminary  observations  of  the  noi-mal 
temperatures  in  the  muscles  and  rectum  were  made, 
both  before  and  during  the  application  of  local  heat  at  a 
point  of  the  body  far  removed  from  the  the  thermo 
couple  ;  Table  I.  gives  the  results. 

The  initial  temperatures,  it  will  be  seen,  varied  in 
the  rectum  between  36"7°  and  39°  C.  with  an  average  of 
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37-92 C,  and  those  in  muscles  between  36"9°  and  39-7°, 
with  an  average  of  37'90''C.  Usually,  the  rectal  tem- 
perature was  a  fraction  of  a  degree  above  that  in 
muscle,  and  the  average  deep  temperature  was  some- 
what above  the  normal  usually  given  for  rabbits.  This 
difference  is  of  no  significance  in  the  present  investiga- 
tion, the  important  point  being  that  the  deep  tem- 
perature, as  measured  in  the  rectum  or  in  muscle,  did 
not  change  much  over  considerable  periods  of  time  and 
was  not  affected  by  the  local  application  of  heat  to  the 
surface  of  the  body  at  some  distance  from  the  thermo 
couple,  even  when  the  temperature  in  the  applicator 
was  15"  C.  above  that  of  the  skin. 


Table  I. 


Temp. 

in  muscle. 

Temp,  in 

rnctum. 

Duration  of 
observation. 

Initial. 

Heating 

Initial. 

Heating 

Before 

During 

oijposite  leg. 

leg. 

heating. 

heating. 

°C. 

"C. 

°C. 

°C. 

Min. 

Min. 

38'0-37-3 

37-3-37-2 

__ 

33 

24 

38'2-38'2 

382-38'8 

— . 

— 

15 

70 

37-2-37-2 

j      37'2-37'9 

— 

— 

10 

75 

39'7-37-5 

37-5-37-5 

— " 

85 

15 

38'2-38'Olft. 

i 

65 

37'6-37"5  rt. 

t 

38-0-370 

37'0-37'0 

38-(>-37'4 

37-4-37-3 

62 

10 

39 -7-39 -8 

39"7-39'2 

— 

— 

28 

50 

37-2-36-0 

— 

38'0-38"0 

— 

57 

— 

37-7-56-9 

■      36'9-37'0 

37-6-36-7 

36-7-36-4 

50 

32 

38-4-38-4 

38-4-38-2 

1 

38-7-39'0 

39'0-38-8 

20 

25 

Note. — These  figures  being  taken  from  curves  the  second 
decimal  is  omitted. 


The  normal  temperature  under  the  skin  varied 
according  to  whether  the  fur  was  clipped  closely 
with  the  scissors  or  was  completely  shaved  off.  With- 
out removal  of  the  fur,  in  13  observations  on  different 
days  the  skin  temiaeratures  varied  between  36'9''  and 
39°  C,  the  average  being  37*94°  C,  or  practically  the 
same  as  in  the  muscles ;  after  removal  of  the  fur  by 
shaving  the  readings  in  nine  different  observatioLS 
varied  more  widely  (from  31-38°  to  35-8-5°  C),  with  an 
average  of  34"2°  C.  These  results  are  important,  since 
they  illustrate  the  heat-conserving  influence  of  the  fur, 
the  variability  in  the  readings  after  shaving  being,  no 
doubt,  dependent  upon  the  cooling  influence  of  the  air. 
Observations  on  this  relationship,  in  which  the  kata- 


thermometer  of  Leonard  Hill  is  used,  will  be  reported 
in  a  later  communication.  Meanwhile,  it  is  interesting 
to  note  that  the  above  observations  were  made  during 
the  winter  months,  when,  although  the  room  was 
artificially  heated,  its  mean  temperature  was  decidedly 
lower  than  during  June.  In  five  other  observations 
made  during  this  month  the  (shaved)  skin  temperatures, 
with  one  exception,  were  all  over  34"4'^C. 

In  all  of  the  experiments  in  which  the  skin  was 
shaved  a  second  thermo  couple  was  placed  in  the 
muscles  immediately  under,  and  at  varying  depths 
from,  the  one  in  the  skin.  The  differences  observed 
between  the  skin  and  muscle  temperatures  in  degrees 
centigrade  in  14  experiments  were  as  follows  :  3'27,  3"4, 
1-2,  0-87,  2-16,  4-97,  2-93,  210,  0-12,  2-3,  1-9,  I'O,  3-2,  and 
2"4.  The  variability  is  mainly  due  to  differences  in  skin 
temperature,  that  of  the  muscles  being  very  much  more 
constant.  The  figures  indicate  the  extent  to  which  the 
superficial  blood  loses  heat  by  radiation  and  convection 
from  the  uncovered  skin.  General  antesthesia  was  not 
found  to  have  any  appreciable  effect  on  these  values. 


Influence  of  I.ocal  Heat. 

Coming  now  to  the  inlluence  of  local  heat,  the  follow- 
ing types  of  observation  have  so  far  been  made. 

1,  Temperature  of  skin  of  thigh  on  application  of 
electric  pad.  The  first  observations  were  made  with 
the  fur  unshaved,  the  initial  temperature,  as  already 
pointed  out,  being,  therefore,  not  appreciably  different 
in  the  skin  and  in  the  muscles.  Table  II.  gives,  in  con- 
densed form,  the  most  significant  results. 

Up  to  a  temperature  difference  of  12°  C.  the  skin 
temperature,  it  will  be  seen,  rose  about  5°C.,  a 
moderately  warm  applicator  having  almost  as  great 
an  effect  as  one  that  was  considerably  warmer.  In  later 
observations,  in  which  the  skin  was  thoroughly  shaved, 
a  similar  relationship  between  the  rise  of  skin  tempera- 
ture and  the  temperature  of  the  applicator  was  not  so 
evident.  This  is  probably  to  be  accounted  for  by  the 
fact  that  in  these  cases  the  skin  temperatures,  as 
already  pointed  out,  were  considerably  lower  and  much 
more  vaiiable  than  in  the  cases  where  the  fur  still 
remained  on  the  skin. 

The  extent  of  lateral  spread  of  the  temperature 
change  (on  shaved  skin)  Avas  found  to  be  considerable. 
Thus,  in  four  observations  with  the  (water)  applicator 
well  insulated  so  that  no  heat  could  radiate  on  to  the 
skin  beyond  its  edge,  no  change  was  observed  at  35  mm. 
distance,  but  was  quite  definite  at  19,  16,  and  10  mm., 


the  applicators  being  at  temperatures  from  11"  to  15°C. 
above  that  of  the  skiii. 

2.  Temperature  of  skin  and  underlying  muscle  of 
thigh  on  application  of  hot-water  applicator,  to  over- 
lying skin. 

Although  the  observations  (see  Table  III.  and  Fig.  1) 
are  insufficient  to  indicate  the  maximal  depth  to  which 
locally  applied  heat  may  penetrate  the  tissues  they 
show  at  least  that  this  is  considerable  (over  20  mm.). 
The  rise  in  the  muscles  is  more  gradual  than  uncler  the 
skin.  The  heat  of  a  poultice  or  of  fomentations  must 
therefore  penetrate  for  a  considerable  distance,  even 
into  relatively  vascular  tissues. 


Table  II. 


Temp, 
of 

Difference 
between 
temp,  of 

Extent 
of  rise 

Temp, 
of 

Difference 
between 
temp,  of 

d-2 

Extent 
of  rise 

in 
temp. 

pad. 

pad  and 
skin. 

H  y.S 

temp. 

pad. 

pad  and 
skin. 

fH    CD_a 

°C. 

°C. 

°c. 

°C. 

°C. 

°C. 

°C. 

°C. 

43-5 

6-3 

42-1 

4-9 

50-2 

11-9 

43-2 

4-9 

44-8 

6-9 

42'7 

48 

50-65 

13-55 

44-6 

7-5 

46-65 

8-65 

42-45 

4-45 

50-8 

13-2 

42-8 

52 

47'5 

10-6 

42-1 

5-2 

55-05 

17-85 

45-15 

7-95 

48-55 

9-35 

43-2 

4-5 

I 

3.  Temperature  in  various  regions  of  the  abdomen  on 
application  of  heat  to  the  abdominal  wall.  Needles 
were  introduced  in  various  regions  of  the  abdomen  and 
the  electric  pad  applied  unheated  to  the  surface,  and 
the  current  then  gradually  turned  on.  Even  though 
the  temperature  of  the  pad,  covering  approximately 
one-half  of  the  abdomen,  was  raised  slowly  to  55°  C, 
there  was  no  change  in  rectal  temperature.  On 
the  other  hand,  the  heat  spread  rapidly  through  the 
abdominal  wall  itself  ;  thus,  when  the  couple  was  placed 
just  inside  the  wall  and  under  the  applicator  a  rise  of 
4°  C.  was  observed  with  the  temperature  difference  of 
13'13°C.  When  the  couple  was  17  mm.  distant  from 
the  edge  of  the  applicator  the  rise  was  0'32°C.,  and 
when  it  was  35  mm.  distant  no  change  in  temperature 
occurred. 

Between  the  abdominal  wall  and  the  rectum  the 
temperature  spread  was  found  to  be  considerable,  the 
observation    being    made    on    (anaesthetised)    animals 


Table  III. 


Temp, 
of  pad. 

Diffei 

ence  between 

Temp. 

Eise  in 
temp. 

Depth  of 

teuip. 

of  applicator 

reached  in 

thermo 

and  muscles. 

muscles. 

couple. 

°C. 

"C. 

°C. 

"C. 

mm. 

43-41 

691 

38-29 

1-79 

20 

45-83 

7-31 

38-42 

2-07 

12 

46-70 

9-00 

39-70 

2-00 

18 

46-14 

9-20 

39-21 

2-27 

17 

46'87 

11-79 

39-15 

4-07 

17 

49-48 

14-55 

37  95 

3-02 

9 

48-61 

10-39 

40-10 

1-88 

16 

E46-50 

10-53 

39-8 

383 

16 

48-42 

11-32 

38-64 

1-54 

17 

45^  C. 


40^ 


35° 


30" 


11  A.M.      11.15        11.30       11.45     12  noon  12.45  P.M. 


Fig.  1.— Curves  showing  temperatures  (in  °  C.)  on  ordinates  at  the 
times  indicated  on  the  abscissa,  immediately  under  the  (shtived) 
skin  over  the  gluteal  region  and  in  the  muscles  at  a  dc)ith  of 
12  mm.  Both  the  thermo  couples,  by  which  the  temperatures  were 
recorded,  were  under  the  centre  of  the  hot-water  applicator.  A., 
applicator.  M.,  muscle.  S.,  skin.  The  two  vertical  lines  mark 
the  time  during  which  the  heat  was  applied. 


wliich  were  killed  aftei-wards,  aud  the  exact  position  of 
the  couple  ascertained  by  dissection.  It  was  found, 
with  a  temperature  difference  of  12'"  to  16'' C.  in  the 
applicator  (covering  the  upper  left  quadrant  of  the 
abdonien),  that  the  temperature  within  the  caecum  rose 
through  from  3°  to  5*16'  C. ;  just  behind  the  ctecum  it 
rose  1*12°  C.  and  in  the  wall  of  the  ascending  colon 
4"04°C.  The  curves  of  one  of  the  experiments  of  this 
series  are  given  in  Fig.  2,  one  needle  (B)  being  just 


45''  C. 


40^ 


35- 


1.20  p.m. 


2.00 


4.00 


Fig.  2. — Curves  showing  temperatures  (in  °  C.)  on  ordinates  at  the 
times  indicated  on  the  abscissa,  just  within  the  abdominal  wall 
and  in  the  small  intestine  30  cm.  from  the  .iejunal  junction  at  a 
deiJth  of  54  mm.  from  the  liot-watcr  applicator  which  was  applied 
to  the  surface  of  the  abdomen.  A.,  apiilicator.  B.,  intestine. 
W.,  just  inside  abdominal  wall.  The  two  thick  vertical  lines  mark 
the  time  during  which  the  heat  was  applied. 


within  the  abdominal  wall  and  the  other  (A)  in  the 
small  bowel  30  cm.  from  the  jejunal  junction  and 
7"5  cm.  from  the  point  of  application  of  the  heat,  at  a 
depth  of  5"4  cm.  below  the  surface.  The  rise  in  this 
needle,  though  small  (0'3°C.)is  yet  perfectly  definite, 
and  that  it  was  an  effect  of  the  applied  heat  is  indicated 
by  the  immediate  fall  following  the  removal  of  the 
applicator.  The  results  in  general  show  that  when 
heat  which  is  about  15' C.  above  that  of  the  body  is 
applied  over  approximately  one-fourth  of  the  surface  of 
the    abdomen  a   change    in    temperature    may  occur 


which  may  penetrate  the  abdominal  viscera  for  a 
distance  of  about  75  mm.,  although  it  can  only  spread 
laterally  for  somewhat  less  than  20  mm. 

Finally,  we  have  completed  a  sufficient  number  of 
observations  on  the  effects  of  cold  to  be  in  a  position  to 
state  that  the  results  are  equally  as  definite  as  those 
for  heat,  the  temperature  change  being,  of  course,  in 
the  opposite  direction. 
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After  section  of  the  mesencephalon  just  in  front  of  the  posterior 
corpora  quadrigemina  in  cats  the  majority  of  the  preparations  continue 
to  breathe  with  perfect  regularity  for  a  considerable  number  of  hours 
provided  the  body  temperature  be  maintained.  A  certain  number 
develop  hyperpnea  (1),  which  becomes  progressively  more  and  more 
marked  and  finally  ends  in  convulsions,  vomiting  and  death.  In  the 
former  group  of  animals  the  COo  of  the  alveolar  air  and  the  carbonates 
of  the  arterial  blood  remain  constant,  whereas  in  the  latter  both  of 
these  values  gradually  decline. 

The  decerebrate  preparations  exhibiting  normal  breathing  are  most 
useful  for  the  investigation  of  the  functions  of  the  respiratory  center 
because  this  is  not  dulled  by  anesthesia,  and  the  influence  of  the  higher 
centers  is  removed.  By  the  use  of  such  preparations  R.  W.  Scott  (2), 
working  in  the  laboratory  of  one  of  us  (J.  J.  R.  M.)  has  shown,  by  using 
a  rebreathing  apparatus,  that  there  is  a  close  correspondence  between 
the  percentage  of  COo  in  the  inspired  air  and  the  degree  of  increase  in 
pulmonary  ventilation,  and  that  the  carbonates  and  the  Ch  of  the 
arterial  blood  become  increased.  Although  at  first  sight  the  results 
might  appear  to  confirm  the  usually  accepted  hypothesis  that  changes 
in  the  hydrogen  ion  concentration  of  the  blood  supptying  the  respira- 
tory center  constitute  the  sole  respiratory  hormone,  this  was  shown  not 
to  be  the  case,  since  breathing  atmospheres  containing  CO2  still  caused 
hyperpnea  in  animals  that  had  been  injected  with  an  amount  of  sodium 
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carbonate  sufficient  to  maintain  the  arterial  blood  well  on  the  alkaline 
side  of  neutrality  even  when  excess  of  CO2  was  being  inspired  (3) .  It 
was  also  found  that  if  a  5  per  cent  solution  of  sodium  carbonate  was 
slowly  injected  intravenously  (at  the  rate  of  1  cc.  per  minute)  the  breath- 
ing remained  unchanged,  although  Pg  rose  from  the  normal  of  7.45  to 
7.8  or  7.9.  It  was  only  when  large  amounts  (over  0.35  gm.  per  kgm.) 
of  NaoCOs  were  injected  that  apnea  occurred.  By  comparison  of  the 
quantitative  relationship  between  the  percentage  of  CO2  in  the  inspired 
air  and  the  volume  of  respired  air  in  normal  and  ''alkahnized"  (decere- 
brate) animals  it  was  found,  however,  that  the  former  were  decidedly 
more  sensitive  to  the  CO2.  It  was  concluded  that  while  the  respiratory 
center  is  readily  excited  by  increase  in  Ch  of  the  blood  it  is  also  respon- 
sive to  an  independent  increase  in  the  carbonate  content.  It  is  pos- 
sible, as  has  been  suggested  by  Jacobs  (4),  that  this  action  is  dependent 
upon  a  quicker  penetration  of  the  cells  of  the  center  by  molecules  of  CO2 
or  H2CO3  than  by  other  acid  radicles,  and  that  the  effective  stimulus  is 
really  after  all  the  H-ion.  Whether  or  not  this  is  the  case,  the  fact 
remains  that,  increase  in  the  bicarbonate  content  of  the  arterial  blood, 
independently  of  increase  in  Cg  beyond  the  point  of  neutrality  is 
capable  of  exciting  the  respiratory  center. 

The  next,  step  in  the  analysis  of  the  blood  changes  capable  of  exciting 
the  respirator}^  center  was  naturally  to  investigate  the  influence  of 
oxygen  deficiency  (anoxemia)  and  it  is  tliis  aspect  of  the  question  that 
is  dealt  with  in  the  present  investigation.  At  the  time  the  work  was 
started  (1918)  it  was  the  common  belief  that  the  accumulation  of  acid 
substances  possibly  in  the  cells  of  the  respiratory  center  is  the  funda- 
mental cause  for  its  excitement  under  these  conditions,  tliis  view  being 
that  which  had  been  set  forth  by  Haldane  and  his  co-workers  in  numer- 
ous papers  (5).  It  is  now  admitted  by  tliis  school  (6)  that  oxygen 
deficiency  per  se  acts  as  a  stimulus  on  the  respiratory  center  and  the 
results  of  the  present  investigation  corroborate  this  view. 

METHODS 

The  tracheal  cannula  was  connected  with  a  closed  system  of  wide- 
bore  tubes  in  the  course  of  which  were  inserted  quickly-acting  and  air- 
tight valves,  soda  Hme  bottles  and  a  recording  Gad-Krogh  spirometer, 
the  movements  of  which  were  inscribed  on  a  blackened  surface.  Sev- 
eral records  of  the  rate  and  volume  of  normal  breathing  were  first  of  all 
taken  by  connecting  the  tube  beyond  the  expiration  valve  directly 
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with  the  spirometer,  so  that  with  the  inspiration  tube  open  and  the 
outlet  tube  of  the  spirometer  closed,  the  latter  became  filled  with  air. 
From  the  time  it  took  for  the  spirometer  to  attain  a  certain  level  (750 
cc.)  the  volume  of  normal  breathing  could  readily  be  estimated,  for  it 
corresponds  to  the  distance  between  the  points  at  which  the  tracing 
leaves  and  regains  the  base  line,  minus  the  time  required  for  the  spi- 
rometer to  empty  itself,  and  which  is  indicated  by  the  vertical  hne  marked 
a,  figure  1.  Records  of  this  type  were  taken  every  ten  minutes  through- 
out the  experiments  unless  when  the  effects  of  anoxemia  were  being 
observed.  In  bringing  about  anoxemia  the  spirometer  was  first  of  all 
allowed  almost  to  fill  to  its  capacity  with  expired  air  after  this  had 
passed  through  the  soda  lime  bottle,  and,  the  clamp  being  removed 
from  the  outlet  tube  of  the  spirometer,  this  was  connected  with  the 
inspiration  tube  of  the  valve.  The  writing  style  of  the  spirometer  now 
moved  up  and  down  with  every  respiration  and  the  minute  volume 
could  be  determined  by  multiplying  the  rate  into  the  volume  of  each 
breath.  To  facihtate  these  measurements  the  tracing  was  calibrated 
bj^  drawing  horizontal  Hues,  each  representing  50  cc.  The  methods 
used  for  measuring  the  minute  volumes,  before  and  during  the  anoxemia 
periods,  were  therefore  somewhat  different  in  principle.  The  results 
were  not  exactly  the  same,  the  difference  being  due,  we  beUeve,  partly 
to  the  somewhat  greater  interference  with  the  freedom  of  movement  of 
the  inspired  air  within  the  closed  system  of  tubes  and  partly  to  inertia 
of  the  spirometer.  The  difference  was  usually  not  significant  when  the 
tubing  contained  abundance  of  oxygen.  When,  on  the  other  hand 
the  anoxemia  was  acute,  as  when  the  system  of  tubing  was  partly  filled 
with  nitrogen  before  causing  the  animal  to  breathe  into  it,  the  volumes 
as  calculated  from  the  up  and  down  movements  were  considerablj' 
greater  than  those  calculated  from  the  rate  of  filUng  of  the  spirometer. 
At  periods,  both  preceding  and  during  the  anoxemia,  samples  of 
alveolar  air  were  collected  by  the  method  described  elsewhere  (l)and 
analyzed  for  CO2  and  O2.  Samples  of  air  taken  from  the  tubing  beyond 
the  spirometer  were  also  analyzed  for  oxygen,  so  that  the  respiratory 
quotient  might  be  determined,  this  value  being  of  importance  to  show 
whether  CO2  is  being  given  off  into  the  alveolar  air  at  a  greater  rate 
than  O2  is  being  absorbed.  Under  ordinary  conditions  the  analyses 
of  these  samples  were  carried  out  by  the  Haldane  apparatus,  but  in 
cases  in  which  the  tubing  was  filled  with  oxygen  to  start  with  the 
apparatus  of  Brodie  was  employed. 
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Portions  of  arterial-  blood  were  also  removed  for  determination 
of  COo  (by  the  Barcroft-Haldane  apparatus)  and  for  P„  (by  the  colori- 
metric  method  after  dialysis  through  collodion  sacs). 

The  arterial  blood  pressure  was  also  recorded,  and  the  rectal  tempera- 
ture noted  from  time  to  time. 

RESULTS 

These  are  collected  in  the  accompan>ang  table,  in  which  they  are 
grouped  in  each  experiment  for  periods  preceding,  during  and  following 
the  anoxemia.  It  mil  be  convenient  to  consider  in  each  of  the  periods, 
first  the  volume  and  rate  of  respiration,  then  the  composition  of  the 
alveolar  air,  and  finally  the  percentage  of  carbon  dioxide. 

Period  -preceding  the  anoxemia .  The  minute  volume  of  respired  air 
varied  in  the  different  preparations  between  830  cc.  and  1530  cc,  the 
variations  not  being  proportional  to  the  weight  of  the  animal  or  to  the 
body  temperature.  As  one  of  us  has  shown  in  a  previous  paper  (1), 
this  variabilitj'  is  common  in  decerebrate  cats  and  probably  indicates 
unequal  degrees  of  excitabihty  of  the  isolated  respiratory  center.  Our 
impression  is  that  the  larger  volumes  are  obtained  in  those  animals  in 
which  decerebrate  rigidity  is  most  marked.  Unequal  though  the 
volume  may  be  for  different  animals,  it  is  satisfactorily  constant  (in 
the  recorded  experiments)  during  the  various  periods  at  which  it  was 
measured.  When  the  measurements  were  unequal  to  any  decided 
degree,  the  experiment  was  not  further  continued. 

The  values  recorded  in  the  table  are  those  for  intervals  of  twenty 
minutes  when,  as  a  rule,  the  samples  of  alveolar  air  were  also  removed, 
either  immediately  before  or  after  taking  the  records  of  volume. 

The  alveolar  CO2  in  experiments  24  and  29  diminished  rather  rapidly, 
and  was  associated  wdth  a  high  minute  volume  of  respiration.  In 
general  the  alveolar  CO2  and  the  minute  volume  of  respired  air  vary 
inversely  to  each  other.  In  experiments  not  included  in  the  present 
paper  and  in  which  the  respiratory  center  was  either  excited  or  depressed 
by  the  intravenous  injection  of  acid  or  alkali,  respectively,  the  above 
mentioned  relationship  between  alveolar  CO2  and  respiratory  volume 
was  found  to  be  very  close. 

The  average  respiratory  quotients  varied  from  about  0.7  to  1.00, 
being  between  0.70  and  0.82  in  eight  out  of  the  ten  experiments.  This 
is  taken  to  indicate  that  the  metaboUsm  of  the  animals  was  of  the 
normal  type  and  that  the  breathing  was  competent  to  establish  the 
normal  ratio  between  the  intake  of  oxygen  and  the  output  of  COo. 
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The  percentage  of  carbon  dioxide  in  the  arterial  blood  varied  some- 
what in  different  animals,  but  was  tolerably  constant  for  each  one,  thus 
making  it  of  value  to  serve  as  an  indicator  of  the  acid-combining  power 
of  the  blood.  Since  arterial  blood  was  employed  it  was  unnecessary 
to  expose  it  before  analysis  to  an  atmosphere  containing  a  known  per- 
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0.83 

37.8 
38.4 

Normal 

36 

1220 

20.96 

3.95 

16.6 
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10.3 

2.42 

9.28 

2.36 

Normal 

20.96 

2.70 

Normal 

1630 

20.96 

2.71 

18.1 

0.95 

38.04 

( 

Normal 

24 

1070 

20.96 

3.12 

16.85 

0.71 

29.6 

Normal 

1500 

20.96 

2.79 

17.15 

0.68 

28.7 

XXV 

< 

Anox. 
Anox. 
Anox.  8  min. 

2900 1 

4000 

1920 

10.95 

2.08 

8.65 

0.79 

29.6 

- 

Normal 

1800 

20.96 

1.94 

18.35 

0.69 

21.6 
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20.96 

3.76 

16.97 

0.92 

Normal 
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3.32 

3.52 

1.00 

Normal 

20.96 

2.91 

17.6 

0.83 

Normal 

20.96 

2.90 

17.8 

0.89 

Normal 

20.96 

2.78 

18.2 

1.00 

X.  Blood  pressure  140  mm.  unaffected  by  anoxemia. 

During  a  second  period  of  anoxemia  there  was  marked  periodicity. 
XXII.  Body  temperature  34°C. 

*  Low  result  probably  due  to  a  period  of  hyperpnea. 

XXIII.  Blood  pressure  remained  unchanged  (at  90  mm.)  during  anoxemia. 

XXIV.  Blood  pressure  120  mm.  at  beginning  of  anoxemia  and  105  mm. 

at  end. 
During  a  second  period  of  anoxemia,  hyperpnea  developed  earh- 
but  breathing  soon  failed. 
XXV.  System  filled  with  air  and  nitrogen  before    connecting    animal 
with  it.     Blood  pressure  rose  from  80  to  130  mm.  Hg.  and  oscil- 
lated greatly. 
t  Calculated  from  first  breath  after  lever  came  to  top.     Extreme 
hyperpnea  soon  followed  by  failure  of  the  respiratory  center. 
Periodicity  very  distinct. 
XXVIII.  After  initial  increase,  the  breathing  scarcely  changed  during  the 
anoxemia.     The  blood  pressure  rose  from  75  to  90  mm.  during 
anoxemia.     O2  used  at  rate  of  225  cc.  per  minute  at  15.3  per 
cent  0-2  alveolar  air,  and  at  20  cc.  per  minute  at  6  per  cent  O2 
in  alveolar  air. 
XXIX.  J  Calculated  from  first  breath  after  lever  came  to  top. 

O2  used  at  rate  of  26  cc.  per  minute  at  15  per  cent  O2  in  alveolar 
air,  and  at  17  cc.  per  minute  at  8  per  cent  O2  in  alveolar  air. 
XXXVII.  §  Calculated  from  first  breath  after  lever  came  to  top. 
**  Nitrogen  added  to  air  of  rebreathing  apparatus. 
XXXVIII.  Blood  pressure  did  not  change  during  anoxemia. 

ft  Calculated  from  first  breath  after  lever  came  to  top. 
Jt  Nitrogen  added  to  air  of  rebreathing  apparatus. 
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centage  of  CO2,  as  recommended  for  venous  blood  by  Van  Slyke.  In 
the  few  experiments  in  which  it  was  possible  to  obtain  satisfactory 
measurement  of  Ph  this  value  stood  at  7.4  or  7.45. 

Period  during  the  anoxemia.  The  behavior  of  different  animals  when 
exposed  to  gradually  decreasing  percentages  of  oxygen  was  not  pre- 
cisely the  same.  Some  of  them  were  able  to  withstand  much  longer 
periods  of  anoxemia  than  others,  as  judged  by  indications  of  respiratory 
break-down,  rise  in  blood  pressure  and  the  appearance  of  Traube- 
Hering  curves.  The  average  duration  of  the  anoxemia  period,  starting 
with  air  in  the  tubing,  was  thirteen  minutes,  but  one  animal  (no.  28) 
could  be  continued  for  twenty-five  minutes  without  any  unfavorable 
sjonptoms  supervening.  In  this  animal  the  respirations  were  stimu- 
lated early  in  the  experiment,  but  thereafter  they  scarcely  became 
changed,  even  when  the  percentage  of  oxygen  in  the  alveolar  air  had 
fallen  to  about  6.  There  was  a  gradual  rise  in  arterial  blood  pressure 
during  the  anoxemia.  We  are  at  a  loss  to  explain  the  results  of  this 
experiment. 

With  reference  to  the  effects  of  oxygen  deficiency  on  respiratory 
volume,  it  is  difficult  to  say  at  precisely  what  percentage  of  alveolar 
oxygen  distinct  increase  occurred  in  these  experiments.  It  was  decided 
at  a  percentage  of  15.25  (no.  26)  and  became  progressively  more  and 
more  marked  as  the  percentage  fell  below  this  value.  At  percentages 
of  alveolar  oxygen  between  8.1  and  9.3  in  four  experiments  (24,  25,  37 
and  38)  the  percentile  increase  over  the  normal  volume  of  breathing 
varied  between  50  and  170.  The  difficulty  in  determining  the  precise 
percentage  of  oxygen  at  which  increased  breathing  supervenes  is  due 
to  the  fact  that  a  certain  degree  of  this  occurs  shortly  after  the  animal 
has  been  connected  with  the  closed  system  of  tubes.  The  slight  resis- 
tance to  the  movement  of  the  air  probably  causes  a  greater  degi'ee  of 
alteration  in  intra-alveolar  pressure  and  consequently  a  stimulation  of 
afferent  respiratory  fibers. 

The  foregoing  results  are  obtained  from  the  record  of  the  respir- 
ometer,  but  a  still  more  valable  indicator  of  hyperpnea  is  afforded 
by  examination  of  the  alveolar  CO2  and  the  resfiratory  quotient.  The 
increased  ventilation  of  the  alveoli  causes  both  the  percentage  of 
CO2  added  to  the  air  and  the  percentage  of  oxygen  removed  from  it  to 
become  decreased,  but  the  former  to  a  lesser  degree  than  the  latter, 
since  the  blood  cannot  absorb  oxygen  beyond  its  carrying  limits  for  this 
gas,  whereas  the  CO2  is  blown  off  in  proportion  to  the  degree  of  ven- 
tilation of  the  alveoli.     As  judged  by  this  criterion,  evidence  of  stimu- 
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lation  of  the  respiratory  center  was  obtained  when  the  alveolar  oxygen 
stood  at  17.7  (no.  29),  15.34  (no.  28)  and  15.25  (no.  26),  the  oxygen 
percentages  in  the  inspired  air  in  these  experiments  being  19.5,  17  and 
17.3  respectively. 

In  one  animal  (29),  therefore,  both  the  tracings  and  the  respiratory 
quotient  indicated  a  decided  degree  of  hyperpnea  when  the  percentage 
of  oxygen  in  the  inspired  air  had  fallen  only  to  19.5  and  by  the  time  it 


Fig.  2.  Tracing  of  respiration  during  the  gradual  development  of  anoxemia 
(exper.  29).  The  figures  give  the  percentage  composition  of  the  alveolar  air.  the 
sudden  falls  of  the  tracing  being  due  to  the  removal  of  samples  of  air  from  the 
closed  system.  To  conserve  space,  the  tracing  has  been  cut  in  the  middle,  the 
second  portion  being  placed  under  the  first.     Time  in  seconds. 

had  reached  16.2  per  cent  not  only  was  the  depth  of  each  breath  greatly 
increased,  but  there  was  decided  acceleration  in  the  rate  of  breathing. 
This  tracing  is  shown  in  figure  2. 

As  the  percentage  of  oxygen  declines  the  breathing  becomes  more 
and  more  excited  until  it  reaches  an  optimum  beyond  which  it  rapidly 
becomes  less,  indicating  exhaustion  of  the  respiratory  center.  The 
exact  percentage  of  oxygen,  at  which  this  breakdown  of  the  center 
occurs,  no  doubt  varies  according  to  whether  the  observation  was  started 
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with  air  or  a  mixture  of  oxygen  and  nitrogen  in  tire  tubing.  In  the 
experiments  in  which  mixtures  containing  about  8  per  cent  of  oxygen 
were  employed  to  start  with  (25,  37  and  38)  the  breathing  quickly 
became  much  greater,  and  was  followed  within  a  few  minutes  by  a 
marked  slowing,  and  later  also  by  a  decrease  in  amphtude  (fig.  3). 
Commonly  also,  as  will  be  described  more  in  detail  in  another  paper, 
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Fig.  3.  Tracings  of  breathing,  taken  with  spirometer,  when  the  inspired  air 
contained  about  8  per  cent  of  oxygen  to  start  with.  The  arterial  blood  pressure 
is  also  shown  (exper.  25). 

periodicity  in  breathing  became  evident  in  these  experiments,  and  deep 
gasps  made  their  appearance  with  progressively  increasing  frequency. 
The  depressing  effects  of  oxygen  deficiency  appeared  when  the  alveolar 
oxygen  had  fallen  to  between  six  and  eight  in  the  throe  experiments 
(25,  37  and  38)  in  which  an  oxygen-poor  atmosphere  was  breathed 
from  the  start.  In  two  other  experiments  (23  and  28)  in  which  the 
onset  of  the  anoxemia  was  gradual  there  was  no  evidence  of  exhaustion 
of  respiration  even  at  G  per  cent.     All  our  experiments  show  that  the 
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failure  of  the  breathing,  once  it  sets  in,  progresses  very  quickly  to  com- 
plete apnea,  and  is  accompanied  by  a  rise  in  arterial  blood  pressure. 
With  regard  to  the  rate  of  breathing  it  will  be  observed  that  only  a 
slight  degree  of  quickening  usually  occurred,  the  increased  minute 
volume  being  due  almost  entirely  to  increased  depth. 

The  rate  of  oxygen  consumption  can  be  estimated  from  the  tracings 
by  measurement  of  the  time  taken  for  the  mean  of  the  respiratory 
tracing  to  descend  through  a  distance  corresponding  to  50  cc.  In  two 
animals  of  the  same  size  (2  kgm.)  (29  and  28)  this  was  found  to  be 
26  cc.  per  minute  and  22.5  cc.  per  minute  (or  13  and  11.25  cc.  per  kilo 
body  weight)  when  there  was  an  adequate  percentage  of  oxygen  and 
8.5  and  10  cc.  respectively  when  the  oxygen  was  reduced  below  8  per 
cent. 

All  the  above  evidence  goes  to  show  that  the  oxygen  of  the  alveolar 
air  cannot  as  a  rule  be  reduced  much  below  8  per  cent  in  decerebrate 
cats  without  a  breakdown  of  the  respiratory  function  and  an  inade- 
quate assimilation  of  oxygen.  It  should  be  emphasized,  however,  that 
all  animals  do  not  behave  exactly  alike  in  this  regard . 

It  will  be  convenient  to  defer  consideration  of  the  behavior  of  the 
CO2  content  of  the  blood  until  the  after-effects  of  the  anoxemia  have 
been  studied.  These  were  particularly  investigated  in  experiments 
10,  23,  24,  25,  28,  37  and  38,  the  intervals  of  observation  in  each  case 
being  twenty  minutes,  as  before.  It  will  be  observed  that  the  respira- 
tory volume  did  not  usually  return  quite  to  the  normal  level  immedi- 
ately following  the  anoxemia,  although  the  respiratory  quotient  fell 
markedly  except  in  experiment  28,  in  which  it  remained  high.  With 
the  exception  of  experiments  23  and  24,  the  percentage  of  CO2  in  the 
alveolar  air  was  lower  than  during  the  anoxemia  period.  Since  the 
volume  of  air  respired  was  less,  this  must  indicate  that  CO2  was  being  ' 
retained  by  the  blood  to  make  up  for  the  excess  that  had  been  blown 
off  during  the  hyperpnea.  The  concomitant  reduction  in  the  respira- 
tory quotient  is  due  to  the  fact  that  oxygen  absorption  was  less  active 
than  it  had  been  in  the  normal  period  preceding  the  establishment 
of  the  anoxemia.  Evidence  is  therefore  furnished  to  show  that  the 
animals  did  not  return  to  a  perfectly  normal  condition  after  breathing 
deficiency  of  oxygen,  and  this  was  further  shown  by  the  fact  that  in 
nearly  every  case  in  wliich  anoxemia  was  induced  a  second  time  in  the 
same  animals,  the  respiratory  center  broke  down  early,  and  the  experi- 
ment had  to  be  terminated  to  save  the  animal . 
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The  temporary  inadequacy  of  oxygen  supply  definitely  depresses 
the  power  of  decerebrate  cats  to  withstand  a  second  period  of  anoxemia, 
and  further  evidence  that  permanent  damage  is  done  is  afforded  by 
the  tendency  to  periodic  breathing,  Traube-Hering  oscillations  of 
blood  pressure  and  frequent  movements  of  the  head  and  extremities. 

Turning  now  to  the  CO2  content  of  the  blood,  a  marked  reduction 
occurred  during  anoxemia  in  only  one  of  the  experiments  (no.  29),  a 
shght  reduction  in  three  (nos.  22,  23  and  26)  and  it  remained  prac- 
tically constant,  in  two  (nos.  25  and  28).  These  estimations  were 
made  in  duplicate,  and  there  is  no  doubt  as  to  the  reliabiUty 
of  the  figures.  We  expected  a  decided  reduction  because  of  the 
hyperpnea,  and  that  this  did  not  always  occur  is  probably  due  to 
the  fact  that  the  hyperpnea  was  not  of  sufficient  degree,  or  duration, 
to  produce  a  measureable  effect  on  the  bicarbonate  reserves  of  the 
blood  and  tissues.  A  more  definite  reduction  in  blood  carbonate  was 
observed  in  three  experiments  (23,  26  and  25),  in  which  the  estimations 
were  made  after  the  animal  had  respired  outside  air  subsequent  to  the 
anoxemia  period.  Although,  as  one  of  us  has  shown  elsewhere,  a  certain 
decrease  in  blood  carbonate  occurs  in  many  decerebrate  cats  without 
any  anoxemia,  the  decrease  in  the  present  experiments  is  much  greater 
than  would  be  expected  within  equal  periods  of  time  even  had  these 
been  on  animals  belonging  to  this  group  and  it  indicates  that  CO2 
had  been  blown  off  from  the  blood  as  a  result  of  the  hyperpnea. 

Ph  of  the  blood  was  measured  in  several  of  the  experiments,  but  che 
results  were  not  of  such  a  nature  that  we  can  say  definitely  whether 
there  was  any  change.  In  one  case  (no.  x)  there  was  a  perceptible 
increase  in  this  value. 

The  blood  pressure  remained  practically  constant  in  all  of  the  experi- 
ments until  the  O2  in  the  alveolar  air  fell  to  about  7  per  t;ent,  when  it 
usually  rose  and  became  periodic  in  character.  With  further  reduction 
in  oxygen  the  blood  pressure  fell  rapidly,  and  in  the  great  majority  of 
the  observations  the  experiment  was  terminated  at  this  stage. 

Although  we  have  not  succeeded  in  obtaining  results  that  are  as  con- 
stant as  we  had  hoped  for,  several  definite  conclusions  are  warrantable. 
Before  we  draw  these,  however,  it  must  be  pointed  out  that  the  investi- 
gation was  started  at  a  time  (November,  1918)  when  the  current  behef 
was  that  stimulation  of  the  respiratory  center  during  anoxemia  is  due 
to  the  appearance  in  the  organism,  and  particularly  in  the  nerve  cen- 
ters, of  unoxidized  organic  acids,  and  that  it  was  only  after  a  large 
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part  of  the  experiments  had  been  completed  that  Haldane,  Y.  Hender- 
son and  others  showed  this  hypothesis  to  be  untenable.  The  early 
onset  of  hyperpnea  in  our  experiments,  as  judged  both  from  the  trac- 
ings and  the  behavior  of  the  respiratory  quotient  led  us  to  conclude 
that  respiratory  stimulation  in  conditions  of  anoxemia  occurred  at  a 
much  higher  percentage  of  oxygen  and  much  earlier  in  the  anoxemia 
period  than  could  be  accounted  for  by  the  appearance  of  unoxidized 


Fig.  4.  Tracing  of  breathing  taken  with  tambour  connected  with  closed  sys- 
tem in  upper  tracing,  and  with  Gad-Krogh  spirometer  in  lower  tracing.  The  air 
in  the  system  contained  an  excess  of  oxygen  so  that  the  augmentation  in  breath- 
ing, seen  in  the  upper  tracing  must  be  due  to  mechanical  factors.  Time  in  seconds. 
The  two  upward  steps  in  the  tambour  tracing  are  due,  the  first  one  to  connecting 
the  expiration  tube  with  the  spirometer  and  the  second,  to  this  connecting  both 
inspiration  and  expiration  tubes. 

acids.  These  results  were  communicated  to  the  American  Physiolog- 
ical Society  (7)  but  we  did  not  venture  to  suggest  that  oxygen  deficiency 
could  in  itself  be  responsible  for  the  stimulation.  We  thought  that  the 
slightly  greater  resistance  to  the  movement  of  air  due  to  breathing 
into  a  closed  system  of  tubes  might  be  responsible  for  the  hyperpnea. 
On  subsequently  testing  this  possibility,  however,  by  varying  the 
resistance  to  breathing,  we  found  it  to  be  inadequate  to  account  for 
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the  degree  of  hyperpnea  that  was  observed.  For  (^xample,  we  found 
in  several  experiments  that  stimulation  of  the  respiratory  center  occur- 
red only  to  a  slight  degree  when  the  animal  was  allowed  to  breathe 
into  a  closed  sj'stem  containing  an  excess  of  oxygen.  Thus,  in  one 
of  the  experiments  the  respiratory  volume  (per  minute)  before  con- 
necting with  the  closed  system  was  725  cc,  R.  Q.,  0.71;  C(\,  4.19; 
and  during  breathing  into  the  sj^stem  these  values  were  850  cc,  0.68 
and  4.23  respectively.  In  another  experiment  of  the  same  character 
but  in  which  the  resistance  was  probably  greater  11.  Q.  rose  from  a 
normal  of  0.70  to  1.07,  but  it  did  not  rise  any  farther  on  continuing 
the  breathing  into  the  closed  system  for  some  time.  There  are  indi- 
cations, however,  that  in  many  of  the  experiments  a  slight  degree  of 
hyperpnea  was  due  to  this  cause,  because  the  height  of  the  steps  caused 
by  the  elevation  of  the  spirometer  with  each  breath  became  progres- 
sively greater  (Cf.  fig.  1  and  fig.  2).  The  possibility  of  errors  due  to 
this  mechanical  hyperpnea  has  been  guarded  against  in  the  figures 
given  in  the  tables  by  taking  the  tracings  caused  by  the  first  few 
breaths,  after  the  spirometer  had  become  filled,  for  the  purpose  of 
calculating  the  normal  minute  volume.  Unfortunately  it  was  impos- 
silile  to  control  the  R.  Q.  in  the  same  way,  but  it  is  scarcely  likely  that 
the  high  values  observed  could  have  been  caused  by  this  mechanical 
factor  alone. 

We  realize  that  because  of  this  factor  our  observations  are  insufficient 
in  number  to  permit  of  our  stating  with  any  precision  the  exact  degree 
of  oxygen  deficiency  which  is  necessary  to  stimulate  the  respiratory 
center,  but  we  are  certain  that  it  occurs  considerably  before  this  has 
reached  17  in  the  inspired  air,  which  corresponds  to  about  15  in  that 
of  the  alveoli. 

CONCLUSIONS 

In  decerebrate  cats  in  which  the  effects  of  ether  have  entirely  disap- 
peared and  the  respiratory  volume,  alveolar  CO2  and  R,  Q.  are  con- 
stant, or  only  slowly  falling,  hyperpnea  becomes  evident  before  the 
percentage  of  oxygen  in  the  inspired  air  has  become  reduced,  by 
rebreathing  through  soda  lime  bottles,  to  17.  It  has  been  impossible 
to  make  certain  of  the  occurrence  of  hyperpnea  at  higher  percentages 
of  oxygen  by  the  method  emploj^ed  because  of  the  slight  degree  of 
hyperpnea  which  is  brought  about  on  account  of  the  resistance  offered 
by  the  system  of  tubing. 
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The  hj^perpnea  is  detected  partly  by  measurement  of  the  respiratory 
volume  and  partly  by  analysis  of  the  alveolar  air.  From  the  results 
by  the  latter  method,  the  decrease  in  the  percentage  of  CO2  and  the 
marked  increase  in  R.  Q.  afford  evidence  of  greater  alveolar  ventila- 
tion. As  the  percentage  of  oxygen  in  the  inspired  air  continues  to  fall 
the  hyperpnea  becomes  more  marked  and  attains  an  optimum  at  a 
percentage  of  oxygen  in  the  inspired  air  which  varies  in  different  ani- 
mals, but  is  apparently  usually  between  9  and  11.  Below  this  per- 
centage the  respiratory  center  usually  passes  quickly  into  a  depressed 
state,  the  breathing  becoming  at  first  slow  and  periodic  in  type,  then 
very  irregular  both  in  amphtude  and  rate  and  finally  ceasing  altogether. 

The  arterial  blood  pressure  remains  unchanged  until  after  the  opti- 
mum of  breathing  has  been  reached,  when  it  rises  and  usually  develops 
marked  Traube-Hering  waves.  It  then  falls  rapidly.  If  the  animal 
be  allowed  to  breathe  outside  air  before  the  blood  pressure  has  fallen 
far,  it  soon  recovers  and  for  a  time  the  breathing  is  usually  exaggerated 
and  may  be  periodic  in  type.  The  periodicity  usually  takes  the  form 
of  deep  sighs,  which  become  more  and  more  frequent  as  the  percent- 
age of  oxygen  dechnes. 

If  the  animal  be  caused  to  breathe  into  the  rebreathing  apparatus  a 
second  time  it  withstands  the  oxygen  deficiency  very  badly,  and  in  the 
present  research  has  usually  died  of  respiratory  failure  and  fall  of  blood 
pressure  before  any  sample  of  alveolar  air  could  be  collected. 

In  several  of  the  experiments  no  definite  changes  could  be  observed 
in  the  percentage  of  CO2  in  the  arterial  blood,  but  in  others  a  decrease 
was  evident.  This  indicates  that  the  hyperpnea  was  not  usually  of 
sufficient  degree,  or  duration,  to  cause  the  development  of  a  marked 
acapnia. 
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In  the  course  of  observations  on  the  effects  produced  on  the  breath- 
ing of  decerebrate  cats  by  reducing  the  percentage  of  oxj^gen  in  the 
inspired  air,  it  was  observed  that  periodicity  often  developed  and  that 
certain  animals  in  which  the  breathing  was  inadequate  to  maintain 
life  could  be  made  to  breathe  normally  by  the  administration  of  large 
quantities  of  oxj'gen.  Because  of  the  quantitative  detcnninations 
which  it  was  necessary  to  make  in  the  earUer  experiments  (1)  it  was 
impossible  to  investigate  these  two  interesting  phenomena  more  thor- 
oughly, but  this  has  been  done  in  subsequent  experiments,  and  the 
following  is  an  account  of  the  results  so  far  obtained. 

The  cats  after  being  placed  deeply  under  ether  were  decerebrated  by 
means  of  the  guillotine  of  Sherrington,  and  were  then  left  on  a  warmed 
table  for  about  an  hour  so  that  all  traces  of  ether  might  be  removed 
from  the  body.  The  tracheal  cannula  was  then  connected  with  wide- 
bore  tubing  and  records  of  the  breathing  obtained  by  means  of  tam- 
bours or  a  Gad-Krogh  spirometer.  The  arterial  blood  pressure  was 
also  recorded. 

PERIODIC    BREATHING 

This  could  be  induced  in  a  variety  of  ways,  but  the  susceptibihty  of 
different  animals  to  exhibit  it  was  found  to  vary  considerably.  Certain 
of  them  breathed  spasmodically  from  the  start  but  without  any  regular 
periodicity  of  the  Cheyne-Stokes  type,  and  it  was  in  certain  of  these 
that  administration  of  oxygen  was  found  to  bring  about  regular  breath- 
ing. Many  breathed  with  perfect  regularity  at  the  start  but  developed 
a  sHght  degree  of  permanent  regular  periodicity  after  being  caused  to 
breathe  in  atmospheres  containing  a  low  percentage  of  oxygen.  In 
these  preparations  marked  periodicity  could  readily  be  established  by 
practically  any  of  the  methods  about  to  be  described.     In  a  few  cats 
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the  breathing  could  not  be  caused  to  alter  from  the  regular  type  except 
when  the  oxygen  was  greatly  reduced,  when  it  became  irregular  with 
frequent  gasps  without,  however,  exhibiting  any  Cheyne-Stokes  rhj^thm. 

The  methods  employed  to  bring  about  the  periodicity  were  in  general 
the  same  as  those  described  by  Douglas  and  Haldane  (2)  in  observa- 
tions on  man,  and  it  will  be  observed  that  in  all  of  them  a  deficiency  of 
oxj'gen  can  be  shown  to  be  the  ultimate  cause  of  the  condition. 

The  following  results  were  obtained: — 

1.  Periodic  digital  cornpressio)i  of  the  vertebral  arteries,  below  the 
transverse  processes  of  the  atlas  (fig.  1).  Immediately  after  the  com- 
pression, the  breathing  became  increased  in  frequency  and  depth  and 
the  arterial  blood  pressure  rose.  It  was  not  possible  to  mark  precisely 
the  moment  at  which  the  vertebral  arteries  were  effectively  occluded, 
but  this  corresponded  veiy  closely  to  the  vertical  lines  on  the  tracing. 
It  will  be  observed  that  the  rise  in  blood  pressure  sets  in  before  the 
respirations  become  perceptibly  augmented.  This  relationship  could 
readily  be  confirmed  by  observation  of  the  movements  of  the  writing 
levers  during  the  compression,  and  it  indicates  that  the  vasoconstrictor 
center  is  stimulated  by  the  curtailment  of  blood  flow  before  the  respira- 
tory. No  doubt  the  continued  rise  in  blood  pressme  is  due  in  part  to 
increased  activity  of  the  respiratory  pump,  but  the  rise  starts  before 
this  can  have  come  into  play.  The  blood  pressure  continues  to  mount 
rapidly,  the  respirations  also  becoming  progressively  more  frequent 
and  deep,  until  a  stage  is  reached  at  which  the  pressure  suddenly  falls, 
although  the  hyperpnea  is  becoming  more  marked.  This  fall  is  due  to 
stimulation  of  the  vagus  center,  which,  however,  soon  diminishes  in 
intensity,  so  that,  although  still  decidedly  slowed,  the  heart  now 
recovers  sufficiently  in  rate  to  allow  the  rise  in  blood  pressure  to  con- 
tinue. After  removal  of  the  compression  the  breathing  rapidly  declines, 
but  the  blood  pressure  remains  elevated  for  some  time  with  decided 
slowing  of  the  pulse.  The  conclusion  which  may  be  drawn  is  that 
curtailment  of  blood  flow  to  the  medulla  causes  stimulation  first,  of  the 
vasoconstrictor  center,  then  of  the  respiratory  center,  and  finally  of 
the  vagus  center. 

2.  Breathing  into  a  small  flask  containing  soda  lime.  The  capacity 
of  the  tubing  and  flask  including  the  soda  lime,  beyond  the  trachea  was 
approximately  120  cc,  but  it  had  to  be  altered  somewhat  in  different 
observations  in  order  to  maintain  the  maximal  degree  of  periodicity. 
Figure  2  shows  typical  results  obtained  by  this  method.  It  will  be 
observed  that  it  is  the  depth,  rather  than  the  rh3-thm  of  the  respira- 


Fig.  2.  Tracings  of  the  respirations  and  arterial  blood  pressure  during  breath- 
ing into  a  tube  and  flask  containing  soda  lime.     Time  in  seconds. 


Fig.  3.  Tracings  of  the  respirations  and  arterial  blood  pressure  during  breath- 
ing into  a  tube  and  flask  containing  soda  lime  after  the  animal  had  been  respiring 
in  an  oxygen-poor  atmosphere.  The  important  features  of  this  tracing  are  that 
it  shows  a  more  marked  periodicity  of  blood  pressure  than  of  respiration  and 
evidence  of  vagus  slowing  of  the  heart  as  the  blood  pressure  rises  during  each 
period.     Time  in  seconds. 
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tions  that  becomes  stimulated  during  the  hyperpneic  periods.  The 
explanation  for  the  development  of  the  periodicity  is,  as  Haldane  has 
pointed  out,  that  the  percentage  of  oxygen  becomes  gradually  used  up 
because  the  animal,  while  breathing  quietly,  reinspires  the  column  of 
air  contained  in  the  tubing  and  bottle.  The  oxygen  deficiency  stimu- 
lates the  respiratory  center  with  the  result  that  outside  air  is  drawn 
into  the  tubing  and  the  oxygen  deficiency  removed,  so  that  the  breath- 
ing returns  toward  the  normal.  It  is  difficult  to  say  whether  the  oscil- 
lations in  arterial  blood  pressure  are  merely  secondary  to  the  greater 
activity  of  the  respiratory  pump.  So  far  as  we  have  been  able  to 
observe,  such  is  the  case,  but  we  have  not  succeeded  in  experiments  of 
this  type  on  animals  that  were  breathing  with  perfect  regularity  before 


Fig.  4.  Tracing  of  respiration  after  connecting  the  trachea  with  a  tube  400  mm. 
long.     At  the  second  arrow  O2  was  introduced  into  the  trachea. 

being  connected  with  the  soda  lime  apparatus,  to  detect  any  slowing 
of  the  heart.  In  animals  in  which  a  certain  degree  of  periodicity  already 
existed  as  a  result  of  previously  breathing  air  deficient  in  oxygen, 
however,  evidence  of  a  certain  degree  of  stimulation  of  the  inhibitory 
center  was  sometimes  obtained  (see  fig.  3).  The  first  part  of  this 
tracing  (fig.  3)  also  exhibits  marked  periodicity  in  the  blood  pressure 
curve  with  practically  regular  breatliing.  This  was  not  infrequently 
observed  expecially  in  animals  after  they  had  been  caused  for  some 
time  to  breathe  in  atmospheres  containing  a  deficiency  of  oxygen. 

3.  Increasing  the  dead  space  hy  connecting  the  tracheal  cannula  with  a 
piece  of  rubber  tubing  (fig.  4).  A  tube  of  10  mm.  bore  and  400  mm.  long 
usually  gave  the  best  results,  and  it  should  be  pointed  out  that  only  a 
few  cats  developed  any  periodicity  by  this  method.  Introduction  of 
oxygen  into  the  trachea  by  catheter  immediately  restored  normal 
breathing.     The  observation  is- of  interest  since,  as  pointed  out  by 
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Haldane,  it  duplicates  the  essential  conditions  which  are  responsible 
for  periodic  breathing  in  hibernating  animals.  In  these  the  gaseous 
metabolism  being  greatly  diminished,  the  dead  space  becomes  rela- 
tively so  far  increased  that  no  outside  air  enters  the  alveoli  during  quiet 
breathing*.  The  oxygen  thus  becomes  used  up  and  the  respirations 
sufficiently  stimulated  for  outside  air  to  enter  the  alveoli  and  remove 
the  anoxemia. 

4.  During  or  after  breathing  in  atmospheres  containing  a  deficiency  of 
oxygen.  In  experiments  described  elsewhere  (1)  in  which  a  state  of 
anoxemia  was  brought  about  by  causing  animals  to  respire  into  a 
closed  system  containing  soda  lime  it  was  frequently  observed  that  the 

breathing  became  periodic  as  the 
percentage  of  oxygen  decUned. 
The  exact  percentage  of  alveolar 
oxygen  at  which  this  appeared 
varied  for  different  animals,  but 
it  was  usually  below  12,  and  the 
periodicity  became  more  marked 
as  the  percentage  fell  to  about  8. 
At  lower  percentages  failure  of 
respiration  usually  set  in.  The 
first  indication  of  periodicity  in 
such  cases  was  the  occurrence  of 
deep  sighs,  the  intervals  between 
which  gradually  lessened  as  the 
anoxemia  became  more  intense. 
Immediately  following  each  sigh  the  breathing  was  much  less  than 
before,  and  it  gradually  increased  to  a  maximum,  and  then  fell  off 
again,  this  being  repeated  with  more  or  less  regular  periodicity 
until  the  next  sigh.  After  restoring  the  animals  to  outside  air  many 
of  them  breathed  regularly,  but  in  a  considerable  number  periodicity^ 
of  a  mild  degree  was  maintained  and  could  readily  be  made  more 
marked  by  slightly  decreasing  the  percentage  of  oxygen  in  the  respired 
air  (fig.  5). 

Several  other  methods  were  tried  to  induce  periodic  breathing,  such 
as  slight  maintained  curtailment  in  the  blood  supply  to  the  medulla, 
or  the  application  of  local  heat  and  cold,  but  without  success.  So 
far  as  our  results  go,  they  show  that  moderate  deficiency  in  oxygen 
supply  is  the  essential  cause  for  the  condition,  and  it  is  probable  that 
by  drugs,  or  in  other  ways,  the  threshold  of  excitability  of  the  respira- 


Fig.  5.  Tracings  of  respirations  and 
arterial  blood  pressure  in  an  atmosphere 
containing  18.5  per  cent  O2  after  a  period 
of  acute  anoxemia.     Time  in  seconds. 
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tory  center  could  be  altered  so  that  periodicity  in  its  action  would 
supervene  without  alteration  in  the  average  level  of  oxygen  tension  in 
the  blood  circulating  in  it.  The  var\dng  susceptibility  of  different 
cats  to  develop  periodic  breathing  under  the  above  described  conditions 
is  worthy  of  emphasis,  since  a  similar  variability  is  seen  in  the  case  of 
man.  We  do  not  know  whether  the  exact  position  of  the  cut  is  an 
important  factor  in  this  connection.  As  has  been  pointed  out  by 
Marckwald  section  of  the  brain  stem  just  above  the  medulla  is  a  fre- 
quent cause  for  a  peculiar  type  of  periodic  breathing  in  rabbits  (3). 

RESTORATION  OF  THE  REGULAR  ACTION  OF  THE  RESPIRATORY  CENTER  BY 
INCREASING  THE  OXYGEN  TENSION  OF  THE  ALVEOLAR  AIR 

As  has  been  shown  elsewhere,  decerebration  is  not  alw^ays  followed 
by  the  same  results,  the  differences  being  dependent  partly  on  the  age 
of  the  animal  and  partly  on  the  exact  position  at  wdiich  the  mesen- 
cephalon is  cut.  Besides  the  animals  which  continue  to  breathe  in 
normal  fashion  and  without  any  apparent  disturbance  in  the  acid-base 
equilibrium  of  the  body,  there  are  two  other  groups.  In  one  of  these 
the  breathing,  although  normal  at  first,  becomes  in  a  couple  of  hours  or 
so,  hyperpneic,  and  marked  disturbances  in  the  acid-base  equilibrium 
become  evident  (4).  In  the  other  group  the  breathing  is  irregular  and 
spasmodic  from  the  start  and  the  animals  soon  develop  the  symptoms 
of  asphj^xia  with  convulsive  movements  which  terminate  in  death.  It 
has  been  found  that  several,  although  not  all,  of  the  animals  of  this 
last  group  react  in  a  remarkable  way  toward  the  administration  of 
oxygen,  the  breathing  becoming  regular  and  the  preparation  normal 
in  every  other  respect  (reflexes,  etc.).  Tracings  of  the  breathing  in 
one  of  these  animals  are  given  in  figure  6.  The  breathing  in  this 
preparation  was  so  inadequate  from  the  start  that  to  maintain  life  the 
respiratory  pump  had  to  be  used,  the  effect  of  which  is  seen  at  the 
beginning  of  tracing  I.  On  discontinuing  the  pump,  the  breathing  was 
somewhat  improved.  A  catheter  was  then  passed  into  the  trachea  so 
that  its  end  lay  at  the  bifurcation,  and  oxygen  gas  was  allowed  to  enter 
the  trachea  freely.  In  about  5  minutes  the  breathing  became  regular 
and  gradually  increased  in  frequency  until  in  about  10  minutes  after 
starting  the  oxygen  it  was  proceeding  at  the  rate  of  14  to  15  the  minute. 
Discontinuance  of  the  oxygen  was  followed  by  a  period  averaging  about 
10  minutes  during  which  the  breathing  remained  normal,  but  then  it 
became  slow  and  irregular  and  ultimately  assumed  its  old  type  as 


182 


J.    J.    R.    MACLEOD 


shown  in  tracing  IV.  Readministration  of  oxygen  again  restored  the 
breathing  to  normal.     These  observations  could  be  repeated  indefinitely. 

It  should  be  stated  further  that  in  the  animal  from  which  the  above 
tracings  are  taken  and  in  others  which  reacted  similarly  to  oxygen  the 
arterial  blood  pressure  was  comparatively  low  (60  mm.). 

An  interesting  feature  of  the  resuscitation  is  the  suddenness  with 
which  the  breathing  usually  changes  from  the  irregular  to  the  regular 
type.  This  is  well  seen  in  tracing  II.  After  becoming  regular  it  may 
remain  slow  for  some  time,  but  later  picks  up  and  assumes  the  normal 
rate.     It  was  attempted  to  accelerate  its  recovery  to  the  normal  rate 


Fig.  6.  Tracings  of  respirations  in  a  decerebrate  cat  in  which  spontaneous 
breathing  was  so  slow  and  irregular  that  symptoms  of  asphyxia  supervened.  The 
first  part  of  tracing  I  shows  the  effect  of  artificial  respiration  with  the  pump 
while  O2  was  being  delivered  into  the  trachea  through  a  catheter.  The  pump  was 
discontinued  but  the  O2  insufflation  maintained  and  in  about  5  minutes  the  respi- 
rations became  suddenly  regular  as  shown  in  tracing  II.  The  O2  was  discontin- 
ued toward  the  end  of  tracing  III  and  in  about  10  minutes  the  breathing  returned 
to  the  condition  shown  in  tracing  IV,  in  which  also  the  effect  of  again  giving  oxy- 
gen is  shown.  Time  in  tracings  I,  II  and  III  in  seconds.  Time  in  tracing  IV  in 
minutes. 


by  increasing  the  intrapulmonary  pressure  by  placing  weights  on  a 
spirometer  attached  to  the  respiration  tube,  but  no  decided  improve- 
ment in  breathing  was  observed  to  occur.  Adding  CO2  to  the  inspired 
air  excited  the  respirations,  but  did  not  shorten  the  time  required  for 
normal  breathing  to  return. 

Occasionally  the  beneficial  effect  of  oxygen  on  the  breathing  per- 
sisted for  considerably  more  than  the  average  of  10  minutes. 
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These  observations  would  appear  to  be  of  some  importance  in  con- 
nection with  oxygen  therapy  in  man.  They  indicate  that  under  cer- 
tain conditions  of  breathing  at  atmospheric  pressure  a  sufficient  supply 
of  oxygen  may  not  be  carried  to  the  respiratory  center  to  maintain  its 
excitability.  One  cause  of  such  a  condition  would  be  low  arterial 
blood  pressure,  and  it  is  of  interest  to  note  that  this  was  observed  to 
be  present  in  the  decerebrate  preparations  which  most  successfully 
responded  to  the  oxygen  treatment. 

CONCLUSIONS 

1.  Periodic  breathing  can  be  induced  in  many  decerebrate  cats  by 
the  following  methods:  a,  periodic  compression  of  the  vertebral  arteries; 
h,  respiring  through  a  tube  containing  soda  lime;  c,  increasing  the  dead 
space  of  the  lungs;  d,  during  or  following  respiration  in  atmospheres 
containing  from  about  8  to  12  per  cent  of  oxygen. 

2.  The  arterial  blood  pressure  exhibits  waves  synchronous  with  those 
of  the  respirations,  and  occasionally  there  is  evidence  of  vagus  slowing 
of  the  heart  during  the  rising  part  of  the  curve.  The  arterial  wave's 
are  often  relatively  much  more  pronounced  than  the  respiratory,  and 
occasionally  the  former  may  be  marked  without  any  detectable  perio- 
dicity of  breathing. 

3.  In  several  decerebrate  cats  in  which  the  respirations  were  very 
slow  and  irregular  in  rhythm  and  utterly  inadequate  to  maintain  Ufe, 
normal  breathing  was  estabhshed,  and  the  preparation  maintained  for 
several  hours  in  excellent  condition,  by  the  administration  of  oxygen 
through  a  catheter  into  the  trachea. 
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In  conditions  of  anoxemia  and  shock  it  has  been  considered  possible 
that  certain  of  the  symptoms  are  dependent  upon  the  appearance  of 
an  excess  of  lactic  acid  in  the  tissues  and  the  blood.  During  several 
3'ears  Haldane  and  his  collaborators  maintained  that  the  stimulation 
of  the  respiratory  center  which  occurs  during  life  in  atmospheres  con- 
taining a  deficiency  of  oxygen  is  caused  by  an  increase  in  the  H-ion 
concentration  in  the  environment  of  the  cells  of  the  respiratory  center 
and  that  this  is  brought  about  by  the  appearance  of  incompletely 
oxidized  organic  acid,  which  was  supposed  to  be  lactic  acid  (1).  The 
demonstration  by  Araki  (2)  that  excess  of  this  acid  does  appear  in  the 
organism  in  conditions  of  anoxemia  appears  to  have  afforded  the  chief 
support  for  this  view  but  no  further  evidence  favoring  it  could  be 
brought  forward.  Ryffle  (4),  for  example,  could  detect  only  a  moder- 
ate increase  in  the  percentage  of  lactic  acid  in  the  blood  (venous)  of 
man  after  breathing  for  four  hours  in 'an  atmosphere  containing  12  per 
cent  of  oxygen  and,  in  other  observations  of  a  similar  nature,  he  could 
not  detect  any  excess  of  lactic  acid  in  the  urine.  Furthermore  this 
same  worker,  in  collaboration  with  Barcroft  (5),  was  unable  to  detect 
a  sufficient  increase  of  lactic  acid  in  the  blood  of  persons  living  in 
rarefied  air  to  account  for  the  degree  of  lowering  of  the  dissociation  con- 
stant of  oxyhemoglobin  that  was  actually  found  to  exist,  in  the  absence 
of  COo;  nor  could  lactic  acid  be  detected  in  the  urine  of  these  persons. 
The  relatively  slow  onset  and  disappearance  of  the  so-called  acidosis  in 
conditions  of  mountain  sickness  also  did  not  conform  with  the  view 
that  the  accumulation  of  lactic  acid  in  the  organism  could  be  the 
responsible  cause.  F.  H.  Scott  also  pointed  out  that  hyperpnea  is 
excited  by  oxygen  deficiency  within  too  brief  a  period  of  time  to  make 
it  probable  that  accumulation  of  lactic  acid  is  the  cause  (6). 

Haldane  and  his  collaborators  (3)  have  more  recently  abandoned 
the  lactic  acid  hypothesis,  as  we  may  call  it,  in  favor  of  the  older  one 
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that  oxygen  deficiency 'per  se  can  act  as  a  stimulus  on  the  respiratory 
center,  either  directly  or  because  it  lowers  the  threshold  of  excitability 
and  so  allows  a  meanwhile  unchanged  normal  stimulus,  such  as  the 
H-ion  concentration,  to  have  a  greater  effect.  Even  granted  that 
oxygen  deficiency  does  have  this  direct  effect  there  is  no  evidence 
that  under  certain  conditions  of  anoxemia  accumulation  of  lactic  acid 
in  the  body  may  not  also  be  a  contributory  factor  to  the  respiratory 
disturbance.  This  could  be  shown  only  by  determination  of  the  degree 
of  anoxemia,  and  the  time  after  its  establishment,  that  is  necessary  to 
cause  a  suflficient  amount  of  lactic  acid  to  appear  in  the  organism  to 
disturb  the  acid-base  balance,  and  it  was  partly  with  this  object  in 
view  that  the  present  investigations  on  the  effects  of  anoxemia  were 
undertaken.  It  is  recognized  that  the  mere  detection  of  an  excess  of 
lactic  acid  in  the  blood  in  anoxemia  does  not  necessarily  prove  that  it 
is  the  result  of  defective  oxidation  or  that  it  has  any  relationship  to 
the  cause  of  the  respiratory  excitement.  It  may  rather  be  dependent 
upon  the  condition  of  "alkalosis"  which  is  brought  about  by  a  blowing- 
off  of  COo  from  the  blood  in  the  lungs.  The  lactic  acid  in  other  words 
may  be  formed  for  the  purpose  of  taking  a  share  in  neutrahzing  the 
relative  excess  of  alkah.  Support  for  the  view  is  afforded  by  the  fact 
that  excess  of  lactic  acid  accumulates  in  the  blood,  and  some  appears 
in  the  urine,  when  the  acid-base  equiUbrium  is  disturbed  bj^  the  intra- 
venous injection  of  solutions  of  sodium  carbonate  (7)  or  even  when 
bicarbonate  is  taken  with  the  food  (8).  If  the  appearance  of  lactic 
acid  in  anoxemia  is  entirely  secondary  to  the  establishment  of  an  alka- 
losis condition  it  would  not  be  expected  to  occur  in  asphyxia  where  the 
C02  accumulates  instead  of  being  blown  off.  Observations  have  there- 
fore been  included  on  the  effects  of  this  condition. 

With  regard  to  the  observations  on  shock  it  may  be  stated  that  these 
were  undertaken  to  ascertain  whether  accumulation  of  lactic  acid 
might  be  responsible  for  the  marked  depression  in  the  COo-combining 
power  of  the  blood  which  had  been  detected  by  Cannon  (9)  and  his 
collaborators  in  severe  cases  of  this  condition. 

METHODS 

Sufficient  quantities  of  arterial  blood  were  dehvered  into  2  per  cent 
HCl  solution  and  the  proteins  removed  by  the  addition  of  HgClo. 
After  removal  of  excess  Hg,  by  means  of  H«S,  the  filtrate  was  brought 
to  small  bulk,  in  faintly  acid  reaction,  by  evaporation  in  a  brisk  current 
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of  slightly  warmed  air  and  then  extracted  (usually  for  48  hours  in  a 
Dunbar  apparatus)  with  alcohol-free  ether.  The  ethereal  extract  was 
evaporated,  the  residue  oxidized  with  weak  permanganate  and  the 
aldehyde  resulting  from  the  oxidation  of  the  lactic  acid  distilled  into 
bisulphite  solution  and  determined  colorimetrically.  This  is  not  the 
place  to  discuss  the  details  or  the  Umitations  of  this  method  but  it 
may  be  said  that  it  has  been  sufficiently  tested,  by  controls  with 
hthium  lactate  and  by  numerous  dupHcate  analyses,  to  show  that  it  is 
of  sufficient  accuracy  for  the  purposes  for  which  it  has  been  used  in 
the  present  investigation. 

RESULTS 

We  will  first  of  all  consider  the  observations  on  anoxemia  and 
asphyxia  and  then  those  on  shock. 

Anoxemia.  The  results  are  shown  in  table  1.  The  anoxemia  was 
induced  either  by  causing  the  animals  to  breathe  into  a  closed  system 
of  tubes  and  rubber  bags  containing  soda  lime,  or  into  a  spirometer 
containing  mixtures  of  nitrogen  and  oxygen.  Ether  was  used  as  an 
anesthetic,  except  in  experiment  K,  where  urethane  was  employed.  In 
experiment  G  some  difficulty  was  experienced  in  controlUng  the  anes- 
thetic, and  just  prior  to  removal  of  the  sample  of  blood  a  marked  fall 
in  arterial  pressure  occurred.  Partly  on  this  account  and  partly 
because  no  analysis  of  the  air  was  made,  the  observation  is  of  little 
value,  although  it  shows  a  marked  increase  in  lactic  acid.  In  experi- 
ment K  the  percentage  of  oxygen  fell  to  11.9  per  cent  in  22  minutes, 
but  there  was  no  increase  in  the  lactic  acid  content  of  the  blood.  These 
are  the  only  experiments  of  the  series  in  which  the  results  are  not  per- 
fectly definite. 

In  experiment  L  the  anoxemia  was  induced  by  filling  the  rebreathing 
apparatus  with  a  mixture  of  air  and  nitrogen  to  start  with,  the  samples 
of  blood  which  were  removed  after  anoxemia  was  established  being 
venous  in  color,  and  showing  a  great  increase  in  lactic  acid  within  10 
minutes  after  the  start,  when  the  oxygen  in  the  inspired  air  had  fallen 
to  about  6  per  cent.  In  experiment  M  the  anoxemia  was  more  slowly 
induced,  a  small  amount  of  air  being  allowed  to  enter  the  rebreathing 
apparatus.  In  17  minutes,  when  the  oxygen  stood  at  8.9  per  cent,  the 
percentage  of  lactic  acid  in  the  blood  had  risen  to  0.071,  and  12  minutes 
later,  when  the  oxygen  had  been  reduced  to  3.8  per  cent,  the  very 
high  result  of  0.123  per  cent  was  obtained.     Immediately  after  the 
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TABLE  1 
Anoxemia 


NUMBER 

AND 
WEIGHT 

TIME 

CONDITION 

L.\CTIC 
ACID    IN 
BLOOD 

TIME  SINCE 
ANOXEMIA 

STARTED 

BLOOD 
PRES- 
SURE 

AIR  OF  8T8TEM 
CO2  AND   O2 

per  cent 

minutes 

mm.  Hg 

per  cent 

■ 

10.21 

Normal    (venous) 

0.029 

124 

G 

10.32 

Normal* 

0.052 

50-60 

4.5  kgm. 

Connect  with  ai)paratus 

• 

11.05 

Anoxemia 

0.088 

33 

30 

1.22 

Normal 

0.057 

1.25 

Connect  with  ai)paratus 

K. 

1.30 

Anoxemia 

0.037 

5 

110 

6  kgm. 

1.43 
1.47 

10.47 
11.15 

Anoxemia 

Normal 

Connect  with  apparatus 

0.038 
0.049 

17 

fCOjO.OO 

\  0211.9 

L. 

11.25 

Anoxemia 

0.084 

10 

8.5  kgm.' 

11.27 

3.20 
3.21 

Anoxemia 

(Air  +  N.  in  system  at 
start) 

Normal 

Connect  with  apparatus 

0.098 
0.038 

12 

fCO2  0.2 
\    O25.9 

3.30 

Anoxemia 

0.045 

9 

M. 

3.38 

Anoxemia 

0.071 

17 

fCO2  0.2 
1    O28.9 

9.3  kgm.' 

3.49 

[CO2O.I 
\    O23.8 

3.50 

Anoxemia 

0.123 

29 

4.20 

Normal 

0.091 

(after)  30 

4.50 

Normal 

0.065 

60 

10.20 

Normal 

0.051 

122 

10.40 

Normal 

0.055 

11.05 
11.12 

Connect  with  apparatus 
Anoxemia 

7 

130 

fC02  =  0% 
\    O2  10.3 

N. 
9  kgm. 

11.25 

11.45 

12.05 
12.15 

Anoxemia 

Anoxemia 

Anoxemia 

Anoxemia  discontinued 

0.085 
0.090 

20 
40 

120 
100 

(CO,  0.3 
\    0,7.4 
/CO2O.3 
1    0,4.8 

12.35 

Normal 

0.094 

(after)  20 

100 

*  Resuscitated  after  an  overdose  of  ether. 
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removal  of  this  sample  the  blood  pressure  fell  rapidly  and  the  respira- 
tions ceased,  so  that  the  animal  was  disconnected  from  the  rebreathing 
apparatus,  and  artificial  respiration,  with  administration  of  oxygen  by 
catheter,  had  to  be  resorted  to  to  restore  it.  Samples  of  blood  removed 
in  30  and  60  minutes  after  the  resuscitation  contained  0.091  and  0.065 
per  cent  lactic  acid,  respectively.  The  increase  in  lactic  acid  was 
therefore  very  decided  within  17  minutes  after  the  start  of  anoxemia, 
and  it  had  become  only  moderately  reduced  in  30  minutes  after  the 
animal  was  allowed  again  to  breathe  outside  air. 

Somewhat  similar  results  were  obtained  in  experiment  N,  in  which 
the  anesthetized  animal  was  left  undisturbed  for  one  hour,  and  a 
second  control  blood  taken  before  connecting  it  with  the  rebreathing 
apparatus.  The  two  results  corresponded  closely,  corroborating 
munerous  other  observations  that  ether  alone  does  not  cause  any 
excess  of  lactic  acid  to  accumulate  in  the  blood.  Twenty  minutes 
after  starting  anoxemia,  when  the  oxygen  stood  at  7.4  per  cent,  the 
lactic  acid  had  increased  to  0.085  per  cent,  about  which  it  remained  for 
a  further  similar  period,  although  the  anoxemia  was  gradually  becom- 
ing more  intense,  the  oxygen  falling  to  4,8  per  cent.  The  oxygen  was 
maintained  at  this  low  level  but  the  sample  of  blood  that  was  removed 
after  20  minutes  unfortunately  came  to  grief  in  the  analysis.  The 
animal  was  finally  allowed  to  breathe  outside  air,  and  after  20  minutes 
the  lactic  acid  stood  at  0.094  per  cent 

Here  again,  anoxemia  caused  the  lactic  acid  content  of  the  blood  to 
become  almost  doubled  after  about  20  minutes,  and  it  remained  at 
this  level  for  at  least  20  minutes  after  the  animal  was  allowed  to 
breathe  outside  air. 

Taking  these  results  as  a  whole  it  is  clear  that  considerable  reduction 
in  the  percentage  of  oxygen  in  the  inspired  air  caused  the  concentration 
of  lactic  acid  in  the  arterial  blood  to  become  increased  by  nearly  100 
per  cent  within  15  minutes.  Although  meanwhile  the  percentage  of 
oxygen  had  fallen  to  considerably  less  than  one-half  the  normal,  there 
can  be  no  doubt  that  the  acid  had  begun  to  make  its  appearance  in 
excess  long  before  this  low  level  was  reached.  The  exact  degree  of 
anoxemia  necessary  to  cause  the  increase  remains  however  to  be  deter- 
mined, the  particular  question  under  consideration  at  present  being 
the  time  required  in  conditions  of  acute  anoxemia  for  a  sufficient 
amount  of  lactic  acid  to  be  discharged  from  the  tissues  into  the  blood 
to  cause  an  increase  that  would  be  expected  to  have  a  disturbing  influ- 
ence on  the  acid-base  equilibrium  of  the  organism  as  a  whole.     Long 
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before  this,  a  change  in  the  C„  of  the  tissues  themselves  must  occur. 
It  is  of  importance  further  to  note  that  it  takes  some  considerable 
time  after  the  anoxemia  is  terminated  for  the  excess  of  lactic  acid  to 
be  got  rid  of.  This  may  be  accomplished  partly  by  oxidation  or  by 
conversion  into  other  substances  (e.  g.,  glucose)  but  it  is  likely  that  a 
certain  amount  of  the  acid  is  got  rid  of  by  excretion  with  the  urine. 

As  has  already  been  pointed  out,  the  appearance  of  excess  of  lactic 
acid  in  the  blood  in  anoxemia  does  not  necessarily  mean  that  it  has 
resulted  entirely  from  the  depressed  oxidation.  Its  appearance  may 
rather  be  of  the  nature  of  a  protective  mechanism  in  the  sense  that  it 

TABLE  2 
Asphyxia 


NUMBER,   WEIGHT   OF   ANIMAL   .\.ND 
TYPE   OF  EXPERIMENT 

TIME 

CONDITION 

LACTIC 
ACID  IN 
BLOOD 

DURATION 
OF  PERIOD 

BLOOD 
PRESSURE 

per  cent 

minutes 

mm.  Hg 

E.             ,            [ 

11.23 

Normal 

128 

8.5  kgm. 

11.251 

Asphyxia 

0.019 

u 

170 

Brief     periods     of      acute     • 

11.491 

Normal 

0.077 

(after)  23| 

126 

asphyxia 

11.59 

Asphyxia 

0.038 

3 

110 

12.24 

Asphyxia 

0.050 

25 

40 

10.55 

Normal 

0.0473 

110 

F. 

11.10 

Asphyxia 

130 

5.5  kgm. 

11.34 

Asphyxia 

0.032 

24 

118 

Prolonged  asphyxia 

11.52 

Asphyxia 

0.061 

42 

102 

12.02 

Asphyxia 

0.101 

52 

90-102 

12.58 

Normal 

0.045 

(after)  56 

40 

helps  to  neutraUze  the  relative  excess  of  alkali  resulting  from  the  blow- 
ing off  of  COo  which  occurs  as  a  consequence  of  the  hyperpnea  excited 
directly  by  oxygen  want.  This  possibiUty  could  be  most  directly 
tested  by  seeing  whether  lactic  acid  is  produced  in  excess  in  cases  of 
forced  ventilation  of  the  alveoh.  Such  experiments  are  under  way  and 
the  results  will  be  reported  later.  The  appearance  of  lactic  acid  in 
conditions  of  carbon  monoxide  poisoning  (2)  would  seem  to  show, 
however,  that  faulty  oxidation  of  organic  radicles  is  an  important 
cause  and  the  same  result  in  mechanical  asphyxia,  for  reasons  that 
have  already  been  explained,  would  support  this  conclusion.  The 
results  of  two  experiments  on  this  condition  are  shown  in  table  2. 

The  asphyxia  was  induced  by  clamping  the  respiratory  tube.     In 
experiment  E  the  clamp  was  completely  closed,  so  as  to  produce  a 
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condition  of  acute  asphyxia,  and  there  was  a  great  increase  in  arterial 
blood  pressure  followed  in  about  2  minutes  by  signs  of  cardiac  failure 
when  the  clamp  was  removed.  The  sample  of  blood  collected  just 
toward  the  end  of  the  asphyxial  period  was  very  venous  in  color,  but 
it  did  not  contain  any  excess  of  lactic  acid;  indeed  it  only  contained 
about  one-half  the  amount  usually  present  (0.019  per  cent).  The 
animal  was  then  left  undisturbed,  and  in  23  minutes  another  sample  of 
blood  was  found  to  contain  0.077  per  cent  lactic  acid — a  very  pro- 
nounced increase.  In  10  minutes  later  the  percentage  had  returned  to 
about  the  normal  where  it  remained  for  about  one-half  hour  during 
which  period  the  blood  pressure  was  rapidly  falling. 

In  experiment  F  the  respiratory  tube  was  only  partly  constricted, 
causing  a  moderate  degree  of  asphyxia  as  judged  from  the  arterial 
blood  pressure  (rose  from  110  mm.  to  130  mm.).  A  decided  increase 
in  lactic  acid  was  observed  after  42  minutes.  The  asphyxia  was  then 
made  more  acute  and  in  10  minutes  the  lactic  acid  had  risen  to  a  very 
high  percentage  of  0.101.  After  removal  of  the  clamp  the  arterial 
blood  pressure  gradually  fell  from  65  mm.  Hg.  to  40  mm.  Hg.  and  a 
sample  of  blood  removed  56  minutes  later  from  the  vena  cava  (through 
a  catheter  inserted  into  the  femoral  vein)  contained  0.045  per  cent 
lactic  acid.  In  this  experiment,  as  in  the  previous  one,  the  increase 
In  lactic  acid  was  delayed  in  making  its  appearance  and  the  normal 
level  was  regained  within  an  hour  after  the  asphyxia  was  terminated. 

These  results  would  seem  to  indicate  that  anoxemia  in  the  presence 
of  an  excess  of  CO2  in  the  blood  still  causes  lactic  acid  to  appear  in 
excess.  It  is  possible  however  that  lactic  acid  may  also  be  increased 
in  the  blood  in  less  acute  forms  of  anoxemia  than  those  investigated  in 
the  present  research  and  in  conditions  of  acapnia  caused  by  excessive 
pulmonary  ventilation.  Investigation  of  these  possibilities  is  under 
way. 

SHOCK 

In  choosing  a  method  to  induce  shock  in  laboratory  animals  it  was 
decided  to  employ  majnly  that  recommended  by  Y.  Henderson  and 
Haggard  (10)  and  known  as  "gastric  manipulation"  especially  since 
Edwards  and  Wiggers  had  reported  to  the  Committee  on  Physiology 
of  the  National  Research  Council,  U.  S.  A.,  that  the  animals  subjected 
to  such  treatment  showed,  when  the  ether  was  discontinued,  the  char- 
acteristic neuro-muscular  syndrome,  viz.,  apathy,  muscular  weakness 
and  paresis  with  knee  jerk  mtact.     The  latter  observers  also  found  in 


TABLE  3 

Shock 

NUMBER  AN 

5     MINUTES  AFTER 

WEIGHT  OP 
ANIMAL 

START  OF  DUO- 
DENAL IRRITATION 

BLOOD 

PRESSURE 

OTHER  SYMPTOMS 

LACTIC   ACID 

mm.  Hg 

per  cent 

II* 

(Ether) 

130 

Pulse  192;  Temp.  38t 

0.107 

9  kgm. 

60 

40 

Pulse  120;  Temp.  37 

280 

95 

Pulse  120 

0.070 

Ill*     1 

(Chloretone) 

80 

Pulse  128;  Temp.  37 

0.052 

10  kgm.  ' 

65t 

46 

Temp.  36.5 

220 

60 

Pulse  88;  Temp.  35.5 

0.065 

C. 

(Ether)  § 

0.021 

8  kgm.  < 

120 

0.019 

160    (after 

40 

0.080 

clamp  on) 

* 

(Ether) 

0.038 

100 

40** 

Respiration  deep  and  rapid 

0.042 

140 

40tt 

0.061 

D.     ■ 

220 

below  40 

Respiration   irregular;   Temp. 
36.5.     Reflexes   gone   except 
knee  jerks 

0.067 

235 

Failing  rap- 
idly 

Moribund  when  sample  taken 

0.092 

' 

(Ether) 

120 

0.032 

30 

104 

Temp.  37 

0.048 

0-     < 

90 

80 

Temp.  37 

0.037 

11  kgm. 

160 

64 

Temp.  36 

210 

44 

Temp.  37 

0.048 

^ 

227 

Very  low 

Temp;  37 

0.047n 

' 

(Ether) 

120 

Temp.  37 

0.046 

60 

104 

Respiration  irregular  and  deep; 
Temp.  37 

0.025 

P 

120 

86 

Respiration  slow  and  shallow 

0.036 

16  kgm.  1 

180 

78 

Respiration  shallow 

0.047 

240 

64 

Respiration  better 

0.052 

300 

36 

Respiration  slow  and  irregular 

0.071tt 

313 

30 

Respiration  very  slow 

0.087tt 

- 

323 

20 

Respiration  almost  stopped 

0.090n 

*  Ether  withdrawn  20  minutes  after  start. 

t  Temperature  in  °C. 

X  Massage  discontinued. 

§  Erlanger's  method. 
**  Massage  stopped,  but  pressure  rose. 
tt  Blood  pressure  stays  low  without  massage. 
X%  Blood  venous. 
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60  per  cent  of  the  animals  experimented  on  that  a  fall  in  blood  pressure 
below  70  mm.  Hg.  indicated  that  a  progressive  circulatory  failure  was 
present. 

The  results  are  given  in  table  3.  The  first  two  experiments  (II  and 
III)  were  performed  conjointly  with  C.  H.  Wiggers,  who  undertook 
the  experimental  part  of  the  investigations,  the  blood  after  its  collec- 
tion in  an  acid  solution  of  mercuric  chloride  being  then  sent  by  mail  to 
me  for  analysis.  A  period  of  several  days  therefore  elapsed  between 
the  collection  and  the  analysis  of  the  samples. 

The  results  of  these  two  experiments  do  not  show  any  increase  in 
lactic  acid.  In  one  of  them  (II)  there  was  an  unusually  high  percent- 
age of  lactic  acid  in  the  sample  of  blood  removed  shortly  after  etheriza- 
tion and  after  a  period  of  4^  hours  during  the  earUer  part  of  which  the 
animal  had  been  in  profound  shock,  the  percentage  was  much  lower. 
In  the  other  experiment  (III)  the  "normal"  blood  contained  a  moder- 
ately high  percentage  of  lactic  acid,  and  after  about  4  hours,  during  a 
part  of  which  the  animal  had  been  in  profound  shock,  a  sUght  increase 
was  observed.  1  In  both  of  the  animals  the  arterial  blood  pressure 
was  reduced  to  the  shock  level  of  40  mm.  by  handUng  of  the  stomach, 
in  a  relatively  short  period  of  time  (70  minutes  in  no.  II  and  45  min- 
utes in  no.  III).  The  animals  were  then  left  undisturbed  without 
anesthetic  (since  they  were  unconscious)  and  the  blood  pressure  gradu- 
ally recovered,  the  blood  samples  being  removed  in  from  3  to  4  hours 
after  discontinuance  of  gastric  manipulation.  Thereafter  the  animals 
were  placed  in  a  warm  place,  but  both  of  them  expired  during  the 
night.  Doctor  Wiggers  kindly  sent  several  samples  of  blood  in  July, 
1918,  from  other  shock  experiments,  but  an  unfortunate  accident  to 
the  Lind  extraction  apparatus,  and  the  impossibility  of. having  this 
repaired  at  that  time,  made  the  results  unreUable. 

The  investigations  have,  therefore,  been  more  recently  repeated 
using  different  methods  both  for  inducing  the  shock  and  for  the 
ether  extraction  of  the  lactic  acid  (the  Dunbar  apparatus).  In  experi- 
ment C  it  was  attempted  to  bring  about  shock  by  the  method  of  partial 
clamping  of  the  vena  cava  recommended  by  Erlanger  and  Gasser  (11). 

1  It  should  be  pointed  out  in  connection  with  both  of  these  experiments  that 
all  of  the  results  are  absolutely  higher  than  those  of  the  other  experiments 
reported  in  this  paper,  partly  because  the  Lind  method  of  ether  extraction  was 
employed  in  place  of  that  of  Dunbar,  and  partly  because  no  deduction  was  made 
for  the  small  traces  of  bisulphite  fixing  material  that  distils  over  when  the 
reagents  alone  are  used. 
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The  first  two  results  in -this  experiment  are  for  blood  removed  before 
the  clamp  was  appUed  and  the  third,  for  blood  removed  after  the 
arterial  blood  pressure  had  been  held  at  40  mm.  Hg.  for  2  hours.  A 
very  marked  increase  in  lactic  acid  occurred,  but  it  cannot  be  concluded 
that  the  condition  of  shock  into  which  the  animal  is  brought  by  the 
clamping  is  primarily  responsible  for  the  increase,  because  the  partial 
asphyxia  of  the  tissues  posterior  to  the  damp  would  in  itself  be  suffi- 
cient to  account  for  the  production  of  lactic  acid.  It  was  decided, 
therefore,  to  return  to  the  method  in  which  the  shock  is  induced  by 
manipulation  of  the  duodenum  but  to  continue  this  for  a  longer  period 
than  that  employed  in  the  first  experiments. 

These  experiments  are  marked  D.,  O.  and  P.  in  table  3.  Decided 
increase  in  lactic  acid  occurred  as  a  result  of  shock  in  D  and  P,  with 
no  definite  change  in  O.  In  D  there  was  an  increase  of  from  0.04  per 
cent  to  0.06  per  cent  in  about  3  hours  during  which  the  duodenum  was 
manipulated  practically  continuously,  and  the  respirations  were  quick 
and  deep.  Beyond  this  time,  but  not  before,  the  manipulations  of  the 
duodenum  could  be  discontinued  without  any  rise  in  blood  pressure 
above  the  shock  level  (40  mm.  Hg.),  and  the  other  symptoms  of  shock 
were  well  marked,  such  as  absence  of  reflexes,  and  irregular  breathing. 
The  rectal  temperature  however  was  only  shghtly  reduced.  After  a 
further  half-hour  in  this  condition  of  profound  shock  the  lactic  acid 
increased  to  0.067  per  cent.  Immediately  after  the  removal  of  this 
sample  of  blood,  however,  the  blood  pressure,  until  now  fairly  constant 
at  about  40  mm.  Hg.,  started  to  fall,  and  the  respirations  to  become 
much  slower.  Another  sample  of  blood  collected  15  minutes  later 
showed  a  marked  increase  in  lactic  acid  (0.092  per  cent). 

In  P  the  results  are  of  a  similar  character.  Until  the  shock  level  of 
blood  pressure  had  been  reached  the  lactic  acid  did  not  increase  above 
the  normal  for  this  animal.  Indeed  it  showed  a  temporary  decrease, 
which  we  have  not  uncommonly  observed  to  be  the  case  in  anesthetized 
animals,  when  nothing  is  done  that  is  likely  to  increase  the  accumula- 
tion of  lactic  acid  in  the  blood.  It  took  nearly  5  hours  of  duodenal 
irritation  to  bring  the  blood  pressure  permanently  to  the  shock  level, 
and  in  the  three  samples  of  blood  removed  during  the  next  half-hour  a 
progressive  increase  in  lactic  acid  up  to  0.090  per  cent  was  observed. 
The  results  of  experiment  0  do  not  indicate  any  decided  increase  in 
lactic  acid,  although  the  animal  (a  large  one  of  11  kgm.)  behaved  very 
much  like  that  of  P,  the  only  difference  being  that  the  blood  pressure 
fell  very  rapidly  and  the  animal  soon  became  moribund  after  the  shock 
level  had  been  attained. 
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We  may  conclude  from  these  observations  that  the  condition  of 
shock  in  dogs  is  not  accompanied  by  an  increase  in  the  blood  of  unoxi- 
dized  organic  acid  until  the  condition  has  been  maintained  for  some 
time.  The  cause  for  the  appearance  of  the  acid  is  no  doubt  inade- 
quate circulation  in  the  tissues,  leading  to  partial  asphyxia.  Indeed, 
the  last  samples  of  blood  in  experiments  D  and  P  were  markedly  venous 
in  color  as  they  flowed  from  the  artery,  and  the  respirations  just  prior 
to  their  removal  had  become  decidedly  inadequate.  There  is  evidence, 
however,  that  the  lactic  acid  had  increased  somewhat  before  any  gen- 
eral condition  of  asphyxia  due  to  faihng  respirations  occurred. 

It  is  certain  that  the  sjinptoms  of  shock  are  not  dependent  upon 
any  accumulation  of  unoxidized  organic  acid  in  the  circulating  fluids, 
for  were  this  the  case,  an  increased  percentage  of  lactic  acid  would 
have  been  evident  in  the  blood  much  earlier  than  was  found  in  these 
experiments.  It  is  only  after  a  more  or  less  prolonged  period  of  faihng 
circulation  that  the  acid  accumulates,  and  it  would  appear  subse- 
sequently  to  be  removed  if  the  pressure  is  allowed  to  rise  again,  as  in 
experiments  II  and  III.  The  accumulation  in  lactic  acid  which  sets 
in  late  in  shock  may  be  largely  responsible  for  the  striking  reduction  in 
the  alkahne  reserve  of  the  blood  which  has  been  observed  by  Cannon 
and  others  (9)  in  cases  of  severe  shock  in  man,  but  it  is  interesting  to 
note  that  the  percentage  to  which  the  lactic  acid  rises  under  these 
conditions  is  much  less  than  that  which  can  be  brought  about  by  the 
injection  of  alkalies  into  the  blood  (7),  (8),  and  is  not  so  high  as  that 
caused  by  conditions  of  acute  anoxemia. 

In  view  of  these  results  it  was  decided  to  see  whether  any  increase 
in  lactic  acid  could  be  detected  in  the  muscles  at  earher  stages  in  shock 
than  those  at  which  the  percentage  of  this  substance  in  the  blood 
could  be  detected.  In  this  part  of  the  work  I  was  assisted  by  F.  H. 
Hartman  and  R.  S.  Lang.  After  etherization,  the  gastrocnemius  and 
semitendinosus  muscles  were  carefully  excised  without  previous  dis- 
turbance of  their  blood  supply,  and  very  rapidly  cooled  to  near  the 
freezing  point  in  a  freezing  mixture.  After  weighing  (being  still  kept 
cool),  they  were  chopped  up  in  an  ice-cold  mortar  and  ground  along 
with  quartz  sand  in  ice-cold  alcohol  and  strained  through  gauze.  The 
extractions  were  repeated  until  the  alcohohc  extracts  gave  no  decided 
test  for  lactic  acid  by  thiophene.  Since  it  was  important  to  get  rid  of 
all  traces  of  alcohol  before  the  lactic  acid  could  be  determined  by 
oxidation  with  permanganate  the  alcohohc  extracts  were  then  evapo- 
rated to  dryness  by  moderate  heat,  and  the  residue  extracted  with 
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weak  0.2  per  cent  HCl  and  mixed  with  HgCl2  solution.  This  caused  a 
satisfactory  precipitation  of  proteins,  etc.,  and  after  filtration  the  excess 
of  mercury  was  removed  by  H^S.  Thereafter  the  lactic  acid  was  esti- 
mated by  the  same  method  as  for  blood.^ 

The  percentages  of  lactic  acid  found  present  in  normal  muscles  by 
the  above  method  in  the  different  experiments  were  as  follows: 

Gastrocnemius:  (I)  0.105;  (III)  0.074;  (IV)  0.150  (high  result  prob- 
ably due  to  rise  in  temperature  before  alcohol  added). 

Semitendinosus:  (I)  0.080;  (II)  0.066;  (III)  0.053;  (IV)  0.044.  ' 

The  percentages  found  in  the  corresponding  muscles  of  the  opposite 
leg  after  profound  shock  had  been  produced  were  as  follows: 

Gastrocnemius:  (II)  0.076;  (V)  0.099;  (VI)  0.045;  (VII)  0.048; 

Semitendinosus:  (I)  0.158;  (II)  0.073;  (IV)  0.087;  (V)  0.181;  (VI) 
0.080;  (VII)  0.100. 

It  is  evident  that  definite  conclusions  are  not  permissible  from  among 
results  that  are  so  inconstant  in  character.  As  is  well  known  from  the 
work  of  F.  G.  Hopkins  and  Fletcher,  accumulation  of  lactic  acid  occurs 
so  rapidly  in  muscle  after  the  circulation  has  ceased  that  it  is  very 
difficult  to  secure  constant  values  even  when  the  conditions  are  most 
rigorously  controlled.  In  preliminary  experiments  we  have  found  it 
easy  to  demonstrate  this  rapid  accumulation  of  lactic  acid  in  excised 
mammalian  muscle,  but  we  had  hoped  to  be  able  by  strictly  following 
the  same  procedure  in  all  of  the  "shock"  experiments  to  secure  results 
of  tolerable  constancy. 

CONCLUSIONS 

The  percentage  of  lactic  acid  in  the  blood  has  been  determined  in 
conditions  of  anoxemia  with  the  following  results: 

1.  In  acute  anoxemia  a  marked  increase  occurred  within  10  minutes 
of  the  start  of  the  condition. 

2.  In  more  gradual  anoxemia  a  similar  increase  occurred  within  17 
to  20  minutes,  no  increase  being  evident  in  one  experiment  of  this 
nature  in  9  minutes. 

3.  After  termination  of  the  anoxemia  the  return  to  the  normal  per- 
centage was  relatively  slow,  being  evident  in  one  experiment  in  1  hour 
but  not  so  in  another  in  20  minutes. 

It  is  pointed  out  that  these  results  do  not  support  the  view  that 
the  appearance  of  an  excess  of  lactic  acid  bears  any  relationship  to  the 

2  This  method  was  found  to  be  more  satisfactory  than  that  in  which  the  watery 
extract  is  treated  with  charcoal  or  with  well-washed  lead  carbonate. 
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stimulation  of  the  respiratory  center.  It  is  suggested  that  the  excess 
of  lactic  acid  in  anoxemia  may  perform  the  function  of  assisting  in  the 
neutralization  of  the  relatively  increased  base  which  results  from  the 
blowing  off  of  CO2  from  the  blood,  this  being  dependent  upon  stimula- 
tion of  the  respiratory  center  by  the  oxygen  deficiency.  No  evidence 
has  been  secured  to  show  whether  lactic  acid  can  be  produced  for  this 
purpose  when  there  is  no  deficiency  of  ox3'^gen  in  the  tissues  but 
the  fact  that  it  appears  in  mechanical  asphyxia,  in  which  CO2  is  also 
present  in  excess,  is  confirmed.  After  a  short  period  of  complete  obstruc- 
tion of  the  trachea  an  increase  in  lactic  acid  was  observed  in  23  minutes 
and  after  a  longer  period  of  partial  obstruction  in  42  minutes. 

Observations  were  also  made  on  the  percentage  of  lactic  acid  in  the 
blood  at  various  stages  in  experimental  shock  caused  by  manipulation 
of  the  duodenum.  It  was  found  that  no  increase  occurred  until  the 
condition  was  so  far  advanced  that  the  arterial  blood  pressure  did  not 
rise  above  40  mm.  Hg.  on  discontinuance  of  the  manipulation  and  the 
respiration  had  become  slow  and  irregular.  Several  hours  of  manipu- 
lation were  required  to  bring  about  this  state  and  since  it  is  known 
that  a  condition  of  shock  that  is  ultimately  fatal  becomes  established  at 
a  much  earher  stage  it  is  concluded  that  the  appearance  of  lactic  acid 
in  the  blood  has  no  casual  relationship  to  the  estabhshment  of  the 
condition.  The  lactic  acid  appears  in  excess  in  the  blood  in  shock 
only  after  the  respiratory  and  circulatory  functions  have  become  so 
greatly  depressed  that  a  condition  of  anoxemia  exists. 
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THE  SUGAR  OF  THE  BLOOD 

J.  J.  R.  MACLEOD 

From  the  Physiological  Department  of  the  University  of  Toronto 

From  the  moment  it  enters  the  blood  of  the  portal  system  until  its 
oxidation  is  complete,  carbohydrate  is  subject  to  constant  changes. 
These  lead  to  the  production  of  a  long  chain  of  intermediate  products 
of  which  only  two  are  of  sufficient  stability  that  they  accumulate  in 
the  tissues  and  fluids  of  the  body  in  amounts  capable  of  being  meas- 
ured by  chemical  means.  These  substances  are  glucose  and  glycogen, 
the  former  being  mainly  dissolved  in  the  circulating  fluids,  and  the 
latter  mainly  deposited  as  colloidal  masses  within  the  tissue  cells. 
Although  estimations  of  the  amounts  of  these  substances  can  furnish 
us  only  with  fragmentary  knowledge  of  the  history  of  carbohydrate  in 
the  animal  body  as  a  whole,  it  is  nevertheless  the  case  that  the  infor- 
mation thus  gained  is  of  great  value  both  in  understanding  the  general 
nature  of  the  normal  process  and  in  detecting  the  factors  concerned 
in  its  breakdown. 

Most  of  the  recent  work  has  been  done  by  studying  the  concentra- 
tion of  sugar  in  the  blood,  and  the  present  review  will  concern  itself 
primarily  with  this  aspect  of  the  problem. 

Addition  of  glucose  to  the  blood  may  be  the  result  of:  a,  absorption 
from  the  intestine;  b,  hydrolysis  of  glycogen  particularly  in  the  Hver 
(glycogenolysis) ;  c,  new  formation  of  glucose  out  of  non-carbohydrate 
substances  such  as  amino  acids  (gluconeogenesis).  Disappearance  of 
glucose  may  be  the  result  of:  7,  oxidation  in  the  tissues;  2,  excretion, 
mainly  by  the  kidneys;  3,  polymerization  into  glycogen;  4,  conversion 
into  non-carbohydrate  substances  such  as  fat.  The  blood  sugar  is 
determined  in  order  to  throw  light  on  the  behavior  of  one  or  other  of 
these  processes  but  the  results  can  be  of  value  in  doing  so  provided 
only  that  the  processes  other  than  that  under  investigation  are  main- 
tained in  a  constant  level  of  activity.  Failure  to  recognize  this  prin- 
ciple has  been  responsible  for  a  considerable  amount  of  confusion  in  the 
interpretation  of  the  causes  for  variations  in  the  concentration  of  the 
blood  sugar. 
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In  a  broad  sense,  a  discussion  of  the  sugar  of  the  blood  would  involve 
a  consideration  of  all  of  the  processes  just  enumerated,  but  obviously 
this  is  far  beyond  the  scope  of  the  present  article.  We  must  more  or 
less  arbitrarily  confine  our  attention  to  a  study  of  those  aspects  of  the 
subject  which  in  recent  years  have  seemed  to  be  of  the  greatest  impor- 
tance in  affording  us  means  for  further  progress. 

These  introductory  remarks  will  serve  to  indicate  the  plan  of  the 
present  article.  After  a  brief  review  of  the  principles  of  the  methods 
used  for  estimating  the  blood  sugar  and  a  comparison  of  their  relative 
degrees  of  accuracy,  we  shall  consider  how  the  glucose  is  contained  in 
the  blood — that  is,  its  distribution  between  corpuscles  and  plasma  and 
whether  it  is  in  simple  solution  or  is  combined  with  other  sul)stances — 
and  its  stability  after  the  blood  is  removed  from  the  body  (glycolysis). 
We  shall  then  study  its  concentration  in  the  normal  animal  before  and 
after  the  taking  of  food  and  the  relationship  existing  between  the  sugar 
of  the  blood  and  urine  under  these  conditions.  Finally,  we  shall  con- 
sider in  what  way  the  concentration  of  blood  sugar  becomes  altered  in 
disease  and  how  far  these  alterations  may  be  of  value  in  diagnosis  and 
treatment. 

Methods  for  measurement  of  concentration.  Without  going  into  detail 
it  is  important  to  consider  briefly  the  general  principles  of  the  methods 
that  are  most  used  today  for  estimation  of  the  blood  sugar  and  to  com- 
pare their  accuracy.  All  the  methods  depend  on  the  reducing  proper- 
ties of  glucose  and  they  may  be  divided  into  two  groups  according  to 
the  means  employed  to  measure  the  reducing  power.  In  one,  which 
we  may  call  the  titrimetric  group,  the  reduction  of  cupric  to  cuprous 
oxide  in  alkaline  solution  is  determined  by  titrating  the  latter,  either 
with  ferric  sulphate  and  permanganate  as  in  Bertrand's  method,  or 
with  free  iodine  as  in  Bang's  (5)  and  Maclean's  (36)  methods  and 
their  various  modifications.  In  the  other,  which  may  be  termed  the 
colorinietric  group,  either  the  development  of  a  red  color  due  to  reduc- 
tion, in  the  presence  of  sodium  carbonate,  of  picric  acid  to  sodium 
picramate  (33),  (45),  (46),  (48)  or  of  a  blue  color  due  to  the  action  of 
cuprous  oxide  on  Folin's  phenol  reagent  (tungstic  acid)  is  measured 
quantitatively,  by  means  of  a  colorimeter  (13). 

In  the  case  of  the  titrimetric  methods  it  is  necessary  first  of  all  to 
remove  the  protein  by  precipitation,  for  which  purpose  coUoitlal  iron 
has  been  found  the  most  suitable  reagent,  and  then  to  heat  the  protein- 
free  filtrate  with  the  alkaUne  cupric  solution.     In  the  case  of  the  picric 
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acid  methods,  the  same  reagent  that  is  used  to  precipitate  the  protein 
remains  in  excess  in  the  filtrate,  and  serves  as  the  reagent  which  becomes 
changed  in  color  by  the  reduction  process.  Provided  the  precautions 
that  are  laid  down  for  each  method  by  its  author  are  taken,  all  of  them 
yield  entirely  satisfactory  results  when  pure  solutions  of  glucose  are 
used  (and  also  when  glucose  is  added  to  blood),  but  they  do  not  agree 
so  well  when  used  for  estimation  of  the  sugar  originally  present  in 
different  samples  of  the  same  blood.  The  most  recent  comparisons  of 
the  results  of  different  methods  have  been  published  by  Host  and 
Hatlehol  (23)  and  by  Wesselow  (61).  The  former  observers  compared 
four  methods  using  blood  samples  from  normal  and  sick  individuals 
either  with  or  without  the  addition  of  known  quantities  of  glucose. 
Typical  observations  are  given  in  table  1.  The  results  in  column  1 
are  for  blood  of  a  normal  person,  those  in  2  for  that  of  a  patient  suffer- 
ing from  uremic  coma,  and  those  in  3  for  one  suffering  from  diabetes. 

TABLE  1 


METHOD 

PEE 

CENT    GLUCOSE 

1 

2 

3 

Titrimetric \ 

Bang 
Hagedorn 

Benedict 
Folin 

0.097 
0.091 

0.118 
0.105 

0.118 
0.124 

0.151 
0.121 

0.145 

Colorimetric    \ 

0.159 
0.198 

0.188 

It  will  be  seen  that  the  colorimetric  methods  usually  give  higher  values 
than  the  titrimetric.  These  differences  were  usually  observed  in  all 
of  the  thirty-five  similar  comparisons  that  were  made.  The  results  of 
the  two  titrimetric  methods  usually  agreed  with  one  another  more 
closely  than  did  those  of  the  two  colorimetric  methods,  and  in  the 
latter  case  those  by  the  Benedict  method  were  almost  invariably  higher 
than  those  by  the  FoUn  method.  By  all  four  methods  glucose  added 
to  the  blood  was  recovered  with  very  little  error  (average  3.3  per  cent 
for  83  estimations),  which  was  usually  in  the  direction  of  finding  more 
than  the  quantity  added.  This  indicates  that  the  discrepancies  in 
the  estimations  on  the  original  blood  cannot  be  due  to  a  loss  of  glucose 
but  rather  because  the  colorimetric  methods  measure  other  substances 
than  glucose.  What  these  substances  may  be  is  not  known.  Creati- 
nine might  be  largely  responsible  in  the  case  of  uremic  coma  but  this 
is  doubtful  for,  as  pointed  out  by  Myers  (46),  although  "each  milli- 
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gram  of  creatinine  present  in  the  blood  introduces  an  error  of  about  the 
same  magnitude  in  per  cent"  (i.e.,  a  blood  with  20  mgm.  creatinine 
would  raise  the  blood  sugar  from  0.100  to  0.120  per  cent),  the  error  can 
only  seldom  be  of  consequence  since  it  is  rare  to  find  more  than  5 
mgm.  creatinine  per  100  cc.  blood." 

Wesselow  compared  the  results  of  the  Maclean  and  Benedict  meth- 
ods, using  blood  and  plasma.  In  the  blood  it  was  found  that  the 
results  by  Benedict's  method  were  45  per  cent  higher  than  those  by 
Maclean's,  and  in  the  plasma,  12  per  cent.  These  discrepancies  became 
still  more  marked  when  a  centrifuged  mass  of  corpuscles  was  employed. 
Either  the  colorimetric  method  includes  other  substances  than  glucose, 
or  reduction  in  the  titrimetric  is  interfered  with  in  some  way.  Wesse- 
low beheves  that  creatinine  is  largely  responsible  for  the  discrepancies. 
It  should  be  pointed  out  that  Benedict  has  recommended  that  the 
error  due  to  creatinine  could  be  avoided  by  treatment  with  charcoal  or 
by  discharging  the  creatinine  color  by  means  of  acetone. 

The  preceding  discussion  of  the  value  of  the  various  methods  will 
enable  us  to  place  a  proper  estimate  on  the  results  obtained  by  their 
use.  We  may  safely  conclude  that  for  the  great  majority  of  clinical 
purposes  any  of  the  methods  is  sufficiently  reliable  provided  the  same 
one  is  always  used.  Now  that  inexpensive  colorimeters  are  readily 
available  there  can  be  no  doubt  that  the  simple  colorimetric  method 
best  meets  the  routine  requirements  of  the  clinic  and  of  general  prac- 
tice,^ but  for  research  work  the  method  of  Bertrand  or  Maclean  should 
possibly  be  employed. 

How  the  glucose  is  contained  in  the  hlood.  It  is  usually  assumed  that 
the  reducing  power  of  a  protein-free  filtrate  of  blood  is  proportional  to 
the  concentration  of  glucose.  This  assumption  is  however  not  entirely 
warranted  since  the  blood  is  known  to  contain  traces  of  fructose,  alde- 
hydes, ketones,  glycuronic  acid,  uric  acid,  creatinine  and  perhaps  other 
reducing  substances.  To  determine  the  extent  to  which  these  sulv 
stances  may  contribute  to  the  total  reducing  power  of  blood,  it  has 
been  attempted  to  destroy  the  glucose  by  fermentation  with  yeast  and 
then  determine  the  reducing  power  of  the  fermented  solution.  This 
method  is  however  uncertain  since,  on  the  one  hand,  the  yeast  may 
itself  contain  reducing  substances,  or  produce  them  during  its  action, 
and  on  the  other,  it  may  so  change  the  non-fermentable  reducing 

1  For  details  of  rapid  clinical  method  see  Myers.  For  Myers  test  tube  colo- 
rimeter, see  Sorensen  (65). 


212  J.    J.    R.    MACLEOD 

substances  as  to  rob  them  of  their  reducing  qualities  (cf.  (37),  (23)). 
AVhen  we  add  to  these  possible  sources  of  error  the  fact  that  fermen- 
tation of  yeast  is  as  a  rule  more  or  less  incomplete  we  see  how  unreliable 
this  method  may  be.  As  a  matter  of  fact,  investigators  do  not  agree 
as  to  whether  fermented  normal  blood  filtrate  does  actuall}'^  possess 
reducing  powers. 

The  problem  has  been  attacked  by  Stepp  (58)  by  the  application  of 
an  entirely  different  principle.  This  worker  removed  the  proteins  and 
other  colloids  from  blood  by  phosphotungstic  acid.  He  then  deter- 
mined the  amount  of  residual  carbon  and  compared  this  with  the 
amount  that  would  be  expected  by  calculation  from  the  sugar  deter- 
mined in  another  sample  of  the  same  blood  by  Bertrand's  method. 
In  certain  cases  of  diabetes  the  residual  carbon  actually  found  was 
lower  than  that  calculated  from  the  sugar,  thus  indicating  that  the 
blood  contained  reducing  substances  with  a  lower  percentage  of  carbon 
than  glucose.     In  other  cases  the  opposite  relationship  was  found. 

Assuming  that  the  reducing  power  of  a  protein-free  filtrate  of  blood 
is  at  least  proportional  to  the  glucose  contained  in  the  original  blood, 
two  questions  present  themselves  for  consideration;  first,  is  all  of  the 
sugar  in  simple  solution  or  is  a  part  of  it  in  some  sort  of  combination 
with  other  blood  constituents;  and  secondly,  how  is  the  sugar  dis- 
tributed between  the  corpuscles  and  the  plasma? 

Concerning  the  manner  of  existence  of  the  sugar  in  Mood,  there  are 
conflicting  views.  Thus:  a,  that  it  is  all  in  simple  solution  as  glucose; 
h,  that  part  is  in  simple  solution  as  glucose,  the  remainder  being  in 
combination,  either  very  loosely  or  more  firmly,  with  protein;  c,  that 
part  is  in  simple  solution  as  glucose  the  remainder  existing  as  disac- 
charide  or  polysaccharide  (e.g.,  glycogen,  dextrines).  So  far  as  our 
present  knowledge  goes  the  only  way  by  which  the  problem  can  be 
directly  investigated  is  by  studying  the  diffusibility  of  the  blood  sugar 
through  membranes.  When  normal  or  diabetic  blood  is  placed  in  a 
dialyzer  with  a  sufficient  amount  of  isotonic  saline  solution  outside,  the 
sugar  all  disappears  from  the  blood  in  24  to  48  hours;  or  when  the  out- 
side fluid  is  Hmited  in  amount,  diffusion  occurs  until  the  percentages  of 
sugar  within  and  without  the  dialyzer  are  equal,  as  in  the  striking  vivi- 
diffusion  experiments  of  McGuigan  and  Ross  (40)  and  of  J.J.  Abel  (1). 
There  are  certain  theoretical  objections  to  accepting  the  results  of  these 
experiments,  as  bearing  on  the  present  question,  but  most  of  them 
are  met  in  the  experiments  of  Michaelis  and  Rona  (41).  These 
workers  placed  equal  quantities  of  fresh  unclotted  blood  in  a  series  of 
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small  clialyzers,  each  of  which  was  then  immersed  in  an  isotonic  saline 
solution  containing  glucose  in  percentages  which  varied  between  0.05 
and  0.2  in  the  different  solutions.  After  dialysis  for  24  hours  at  low 
temperature,  analysis  of  the  specimens  of  blood  for  sugar  revealed  the 
fact  that  the  percentage  had  become  changed  in  all  save  that  one  which 
had  been  dialyzed  against  a  solution  containing  the  same  percentage  of 
glucose  as  the  blood  itself.  When  the  dialysis  occurred  against  solu- 
tions containing  a  lower  or  a  higher  percentage  of  glucose  than  the 
blood,  the  percentage  in  the  latter  fell  or  rose  (differential  dialysis). 
This  would  seem  to  prove  that  all  the  sugar  in  blood  must  be  in  simple 
solution. 

Objections  have  however  been  raised  against  these  experiments  bj' 
Kleiner  and  by  Hamburger.  Kleiner  (28)  points  out  that  although  the 
blood  sugar  is  shown  to  come  into  equilibrium  with  glucose  solutions 
after  prolonged  periods  of  dialysis,  this  does  not  necessarily  mean  that 
the  rate  with  which  the  diffusion  occurs  at  the  various  stages  of  the 
process  is  the  same  for  the  glucose  naturally  present  in  blood  as  for 
glucose  artificially  added  to  the  blood.  Assuming  that  the  manner  of 
combination  of  glucose,  if  such  exists,  would  be  similar  in  diabetic 
and  normal  blood,  he  compared  the  rate  of  diffusion  of  the  sugar  from 
diabetic  blood  with  that  of  normal  blood  to  which  a  sufficient  amount 
of  glucose  had  been  added  to  make  the  percentage  approximately 
equal  to  that  of  the  diabetic  blood.  He  did  this  by  dialyzing  15  cc. 
quantities  of  ''hirudin"  blood  against  1  liter  of  Ringer's  solution  at 
controlled  temperatures,  removing  2  cc.  samples  of  blood  at  intervals 
of  one  hour  for  analysis.  By  plotting  curves  of  the  percentage  of 
sugar  remaining  in  the  blood  at  the  end  of  each  period,  it  was  found 
that  the  curve  for  normal  blood  'plus  glucose  descended  in  a  perfectly 
regular  manner  from  hour  to  hour,  more  rapidly  at  first  and  slower 
later,  but  that  the  curve  for  diabetic  blood  was  irregular  because  the 
dialysis  was  delayed  or  completely  interrupted  during  one  or  more 
periods,  usually  that  of  the  second  hour.  These  differences  between 
the  normal  and  the  diabetic  bloods  were  exaggerated  by  delaying  the 
dialysis  either  by  use  of  thick  parchment  dialyzers  or  by  adding  a 
certain  amount  of  glucose  to  the  outside  fluid.  It  is  difficult  to  inter- 
pret these  results.  Kleiner  thinks  that  they  indicate  that  some  at 
least  of  the  sugar  in  the  diabetic  blood  must  be  in  a  combined  state 
and  he  infers  that  if  such  a  compound  is  present  in  diabetic  blood  there 
is  a  possibiUty  that  it  also  exists  in  normal  blood.  The  ol)servations 
are  interesting,  but  scarcely  conclusive. 
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Hamburger  (18)  raises  objection  to  the  dialysis  experiments  on  the 
ground  that  although  it  diffuses  through  parchment  or  collodion,  the 
sugar  may  really  be  combined  with  colloids,  and  he  quotes  Bechhold's 
observations  showing  that  some  colloidal  substances  can  diffuse  through 
membranes.  In  observations  in  which  the  kidney  of  the  frog  was 
perfused  through  the  renal  artery  with  isotonic  solutions  containing 
glucose,  this  investigator  found,  in  the  fluid  flowing  from  the  ureters, 
somewhat  less  glucose  than  was  present  in  the  perfusion  fluid  when 
ordinary  Ringer's  solution  was  used,  and  that  the  retention  could  be 
increased,  so  that  the  urine  became  free  of  glucose  by  raising  the  per- 
centage of  bicarbonate  in  the  perfusion  fluid  to  0.285,  which  makes  it  of 
the  same  reaction  as  frogs'  blood.  Alteration  of  the  relative  amounts 
of  calcium  and  potassium  in  the  perfusion  fluid  was  also  found  to  affect 
the  permeability. 

The  chief  reason  why  so  much  interest  has  been  taken  in  the  possi- 
bility that  some  of  the  sugar  exists  in  combination  in  the  blood  plasma, 
is  that  it  might  serve  to  explain  the  supposed  absence  of  sugar  in 
urine  under  normal  conditions.  But  now  that  it  is  firmly  estabhshed 
that  normal  urine  does  contain  sugar  and  that  the  concentration  of  this 
runs  at  least  approximately  parallel  with  that  in  the  blood,  the  reason 
for  assuming  that  some  of  the  blood  sugar  is  combined  no  longer  exists. 
Cushny's  observations  on  the  filtration  of  blood  serum  through  collo- 
dion filters  further  support  the  ^dew  that  sugar  filters  through  the 
glomerular  epithehum. 

Quite  apart  from  the  possibiUty  that  some  of  the  sugar  may  be 
loosely  attached  to  other  substances,  several  of  the  older  authors, 
notably  Pavy  (47a)  and  Lepine  (31),  beheved  that  a  portion  of  it 
exists  more  firmly  combined  so  that  it  can  be  detected  only  after  treat- 
ment of  the  blood  with  strong  (hydrolyzing)  reagents  or  with  specific 
enzymes.  Pavy  found  that  the  concentration  of  sugar  was  decidedly 
increased  by  boihng  the  blood  with  mineral  acid  and  Lepine  states  that 
decided  increase  also  occurred  when  the  blood  was  simply  allowed  to 
stand,  especially  at  a  moderate  degree  of  warmth.  I  have  never  suc- 
ceeded in  confirming  this  latter  observation.  For  example,  I  have 
compared  the  reducing  power  (by  Bertrand's  method),  of  blood  col- 
lected in  ice-cold  water  and  immediately  precipitated  with  colloidal 
iron,  with  that  of  blood  simultaneously  collected  and  then  allowed  to 
stand  in  the  incubator  for  15  to  40  minutes  before  precipitation  (37a). 
In  a  series  of  nine  observations,  partly  on  normal  and  partly  on  dia- 
betic blood,  the  percentage  reducing  power  was  invariably  found  to  be 
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less  after  incubation  than  before,  because  of  glycolysis.  Lepine  also 
states  that  a  similar  increase  may  occur  in  the  free  sugar  of  the  blood 
during  its  passage  from  the  inferior  vena  cava  to  the  carotid  artery. 
If  a  spontaneous  increase  in  blood  sugar  does  really  occur,  the  probable 
cause  is  that  the  blood  circulating  in  the  body  contains  substances  of 
the  nature  of  dextrine  or  glycogen,  upon  which  diastatic  enzymes  act 
so  as  to  produce  reducing  sugars.  These  glycogen-Uke  substances 
would  be  expected  to  be  more  plentiful  in  blood  taken  from  the  hepatic 
veins  than  elsewhere,  since  they  could  not  exist  for  long  because  of  the 
powerful  diastatic  enzymes  present  in  blood.  It  is  of  interest  in  this 
connection  that  Huber  and  I  (24)  have  been  able  to  confirm  the  obser- 
vation of  Ishimori,  working  with  Hofmeister,  that  material  giving 
Best's  carmine  stain  for  glycogen  can  be  observed  to  be  extruded  from 
the  liver  cells  into  the  hepatic  capillaries  (sinusoids)  when  the  glyco- 
genolytic activities  of  the  liver  are  excited,  either  by  piqure  or  by  stimu- 
lation of  the  great  splanchnic  nerves.  I  may  state  however  that  I 
have  not  found  it  possible,  by  chemical  means,  to  detect  more  than  a 
trace  of  glycogen-Uke  material  in  blood  collected  from  the  vena  cava 
opposite  the  entrance  of  the  hepatic  veins  under  the  above  conditions. 
Large  quantities  of  blood  from  markedly  diabetic  animals  were  col- 
lected immediately  under  alcohol,  the  precipitate  digested  with  30  per 
cent  caustic  potash,  and  the  further  isolation  of  glycogen  carried  out 
according  to  Pflliger's  directions. 

Distrihiition  of  sugar  between  plasma  and  corpuscles.  Closely  related 
to  the  question  of  the  condition  of  sugar  in  the  blood  is  that  of  its 
relative  concentration  in  the  plasma  and  corpuscles.  Should  equahty 
of  concentration  of  the  sugar  in  plasma  and  corpuscles  be  found  to  exist, 
it  would  lend  some  support  to  the  view  that  all  of  the  sugar  is  in  a  state 
of  simple  solution.  The  evidence  would  not  however  be  of  the  same 
weight  as  that  of  the  dialysis  experiments  of  Rona  and  JMichaeUs  already 
referred  to,  since  equilibrium  between  free  and  combined  sugar  might 
exist  both  within  and  without  the  corpuscle.  For  another  reason 
however  the  comparisons  are  of  interest,  namely,  that  they  will  show 
whether  the  corpuscles  may  serve  either  as  storehouses  for  sugar,  as 
they  do  for  oxj'gen,  or  at  least  as  buffers  in  that  they  take  up  and  give 
off  sugar  more  slowly  than  the  plasma.  Although  no  sugar  can  pass 
between  the  blood  and  the  tissue  cells  without  first  of  all  becoming 
dissolved  in  the  plasma,  it  is  possible  that  the  diffusion  occurs  at  such 
a  rate  that  the  corpuscles  contain  a  perceptiWy  lower  concentration 
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of  sugar  than  the  plasma,  when  the  percentage  in  the  blood  as  a  whole 
is  rising,  and  conversely  a  greater  concentration,  when  the  hy]Der- 
glycemia  is  passing  off.  These  considerations  explain  why  the  com- 
parisons have  been  made  both  in  normal  blood  and  in  blood  containing 
excessive  amounts  of  sugar. 

There  are  twjo  methods  by  which  the  partition  of  the  sugar  has  been 
determined,  the  direct  and  the  indirect.  In  the  direct  method,  the  blood 
is  centrifuged  and  the  corpuscular  sediment  washed  free  of  adherent 
plasma  by  centrifuging  with  isotonic  solution,  the  concentration  of 
sugar  being  then  separately  determined  in  plasma  and  corpuscles.  The 
method  is  highly  fallacious  partly  because  the  corpuscles  contain 
substances  which  vitiate  the  accuracy  of  the  sugar  estimations  and 
partly  because  the  corpuscles  run  the  risk  of  losing  much  of  their  sugar 
either  by  diffusion  into  the  solution  that  is  used  to  wash  them  or  Ijy 
glycolysis  (p.  218).  In  the  indirect  method,  the  blood  is  centrifuged  and 
the  percentages  of  sugar  are  separately  determined  in  the  whole  blood 
and  in  the  plasma;  by  also  measuring  the  relative  volumes  of  plasma 
and  corpuscles  the  percentage  of  sugar  in  each  of  these  is  readily 
calculated. 

The  results  obtained  even  b}^  the  indirect  method  can  approximate 
the  distribution  of  sugar  in  the  hving  blood  only  when  the  separation 
into  corpuscles  and  plasma  is  effected  very  rapidly  after  the  blood  has 
been  removed  from  the  body.  Otherwise  there  must  be  a  tendency  to 
equalization  of  concentration  within  and  without  the  corpuscles  by 
diffusion. 

Observations  have  been  made  on  normal  blood  and  on  blood  contain- 
ing an  excess  of  sugar.  The  results  are  not  entirely  consistent.  A  few 
of  them  for  normal  hlood  are  given  in  the  accompanying  table. 

It  will  be  observed  that  the  results  vary  somewhat  according  to 
the  species  of  animal  and  the  method  employed  for  determination  of 
the  sugar.  Usually  the  corpuscles  contain  either  practically  the 
same,  or  a  lower  concentration  of  sugar  than  the  plasma,  the  difference 
being  more  marked  in  the  blood  of  the  dog  than  in  that  of  man.  Occa- 
sionally however,  as  in  the  second  case  in  the  table  the  corpuscles  may 
contain  more  sugar  than  the  plasma.  It  is  said  that  there  is  no  sugar 
in  the  corpuscles  of  the  rabbit  (29). 

When  glucose  solutions  are  added  to  fresh  human  blood  so  as  to  bring 
the  total  concentration  of  sugar  up  to  about  that  of  a  severe  case  of 
diabetes  (0.3  to  0.5  per  cent),  Rona  and  Doblin  (51)  found  that  in  2 
minutes  much  of  the  glucose  had  penetrated  the  corpuscles,  although 
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not  enough  to  equalize  the  partition  between  them  and  the  plasma. 
Repeated  washing  of  the  corpuscular  sediment,  by  centrifuging  with 
isotonic  saUne,  is  said  to  cause  the  corpuscles  to  lose  the  power  of 
absorbing  glucose,  indicating  that  some  change  has  occurred  which 
reduces  their  permeability  or  selective  solubiHty. 

The  partition  of  sugar  has  been  studied  in  the  blood  in  various  forms 
of  experimental  diabetes  in  laboratory  animals  (37)  by  numerous  work- 
ers, and  the  results  agree  in  showing  that  if  any  difference  exists  between 
corpuscles  and  plasma,  it  is  in  the  direction  of  there  being  a  greater 
concentration  in  the  plasma.     The  discrepancy  becomes  greater  as  the 

TABLE    2 


PERCENTAGE  REDUCING  POWER 

ANIMAL 

MENT  OF  REDUCING  POWER 

Of  whole 
blood 

Of  plasma 

Of  corpus- 
cles by 
calculation 

AUTHORS 

Man 

Colorimetric 

0.12 

0.118 

0.121 

Bailey  (4) 

Man 

Colorimetric 

0.12 

0.105* 

Bailey  (4) 

Man 

Colorimetric                 < 

0.135 

0.135 

0.135 

Gradwohl  & 

0.102 

0.099 

0.102 

Blavais  (17) 

0.062 

0.079 

0.026 

Dog 

Colorimetric                 < 

0.089 

0.111 

0.035 

Wishart  (64) 

0.096 

0.100 

0.087 

Man 

Schenck's  method, 
Knapp's  solution 

0.098 

0.105 

0.082 

Tachau  (59) 

Dog 

Bang 

0.081 

0.090 

0.070 

Tachau 

Man 

Colloidal  iron  and 
Bertrand 

0.094 

0.098 

0.089 

Rona  and  Doblin 

(51) 

*  The  percentage  of  sugar  in  the  whole  blood  remained  consistently  higher 
than  that  in  the  plasma  during  the  hyperglycemia  that  was  brought  about  by 
giving  the  patient  who  was  suffering  from  hypothyroidism  240  grams  glucose 
(cf.  table  15  of  Bailey's  paper). 

hyperglycemia  becomes  more  marked  but  there  does  not  seem  to  be 
any  evidence  to  show  that  during  the  declining  stages  of  hyperglycemia 
the  corpuscles  retain  sugar  longer  than  the  plasma.  Several  of  the 
researches  in  this  field  are  however  of  little  value  either  because  the 
sugar  was  estimated  separately  in  sediment  and  plasma  or  because 
uncertain  methods  for  estimation  of  the  sugar  were  employed.  In 
post-prandial  hyperglycemia  in  normal  men  Bailey  (4)  and  Wishart  (64) 
found  in  general  similar  results. 

In  cases  of  diabetes  mellitus  in  man,  the  most  rehable  of  the  older 
work  is  that  of  Frank  (14)  who  found  decidedly  more  sugar  in  the 
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plasma  than  the  corpuscles,  and  of  MichaeHs  and  Rona  (41)  who  found 
only  a  trivial  but  variable  difference  between  the  two  values.  More 
recently,  Tachau  (59.)  found  the  following  values  in  the  blood  of  fasting 
diabetics : 


0.138 
0.173 
0.165 
0.185 
0.323 


CORPnSCLES 


0.120 
0.125 
0.165 
0.181 
0.230  (average) 


In  similar  cases  after  the  ingestion  of  carbohydrate-rich  food,  he  found; 


PLASMA 

CORPDSCLES 

6 

0.231 

0.212 

7. 

0.361 

0.325 

8 

0.126 

0.126 

9 

0.325 

0.300 

10 

0.428 

0.480 

11 

0.234 

0.243 

While  the  results  in  general  confirm  those  already  mentioned,  they  also 
show  that  occasionally  the  corpuscles  may  contain  more  sugar  than  the 
plasma.  The  factor  upon  which  the  distribution  depends  is  probably 
the  relative  solubility  of  the  sugar  in  plasma  and  corpuscular  material 
respectively,  rather  than  any  specific  permeability  of  the  corpuscular 
envelope  toward  sugar  molecules. 


Glycolysis  in  blood.  As  has  been  pointed  out  elsewhere,  the  per- 
centage of  sugar  in  blood  decreases  after  this  has  been  drawn  from  the 
body,  independently  of  the  growth  of  microorganisms.  The  rate  of 
decrease  is  more  or  less  proportional  to  the  temperature  at  which  the 
blood  is  allowed  to  stand.  In  dog-blood  about  one-half  the  sugar 
disappears  in  2|  hours  at  body  temperature.  This  in  vitro  process  is 
called  glycolysis  and  it  has  been  thought  by  some  (e.g.,  Lepine  (31)) 
to  be  the  continuation  of  an  intra  vitam  process.  It  occurs  readily  in 
defibrinated  blood  or  in  blood  prevented  from  clotting  by  hirudin,  but 
it  is  interfered  with  by  oxalate  in  concentrations  over  0.1  per  cent  and 
is  not  exhibited  by  plasma  or  serum.     Glycolysis  is  especially  active 
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in  the  corpuscles,  thus,  all  the  sugar  was  found  to  disappear  from  the 
deposit  of  centrifuged  (dog)  blood  at  body  temperature  in  ^  hour 
(37a).  Both  hemocytes  and  leucocytes  probably  participate  in  it. 
Suspensions  of  leucocytes  (such  as  diluted  pus)  possess  strong  glyco- 
lytic powers  (32)  but  hemocytes  are  also  said  to  be  able  to  show  it  in 
the  absence  of  leucocytes  (50).  Laking  the  blood  with  saponin  does 
not  stop  glycolysis  but  it  ceases  when  the  blood  is  laked  with  water 
although  not  if  diluted  with  artificial  plasma  containing  buffer  sub- 
stances (Locke's  solution).  Abundance  of  oxygen  favors  glycolysis 
although  it  can  still  proceed  under  anaerobic  conditions.  When  the 
corpuscles  are  frequently  washed,  by  centrifuging  with  isotonic  saline, 
and  then  suspended  in  artificial  plasma  (Locke's  solution)  containing 
glucose,  no  glycolysis  occurs.  This  brings  to  mind  the  observation  that 
a  similar  treatment  of  the  corpuscles  also  renders  them  incapable  of 
absorbing  glucose  (p.  217),  and  would  therefore  suggest  that  glycolysis 
is  an  intracorpuscular  process.  The  degree  to  which  it  occurs  in  any 
particular  blood  will  therefore  depend  on  two  factors,  first,  the  rate  of 
absorption  of  glucose  into  the  corpuscle  and  secondly,  the  glycolytic 
power  of  the  corpuscular  contents. 

When  all  of  these  facts  are  considered  it  is  not  surprising  to  find  that 
the  rate  of  glycolysis  varies  considerably  in  the  blood  of  different 
species  of  animals.  Glycolysis  is  almost  absent  in  the  blood  of  the  ox, 
the  sheep  and  the  pig  (39).  It  varies  also  in  the  blood  of  different  indi- 
viduals of  the  same  species,  or  even  of  the  same  individuals  at  different 
times,  and  it  has  been  attempted  to  show  in  the  case  of  man  that  this 
variability  bears  some  relationship  to  the  abihty  of  the  organism  as  a 
whole  to  metabolize  carbohydrates.  Its  determination  has  therefore 
been  thought  to  be  of  some  value  in  the  diagnosis  of  diabetes  (31),  but 
few  agree  with  this  view.  The  strongest  evidence  against  it  is  the  fact 
that  even  under  the  most  favorable  circumstances  the  reduction  in 
percentage  of  glucose  which  occurs  by  glycolysis  outside  the  body  is 
very  small  compared  with  the  reduction  in  the  circulating  blood  after 
removal  of  the  Hver.  Thus,  Pearce  and  I  (37c)  found  that  0.83  to 
4.46  mgm.  glucose  disappeared  from  100  grams  blood  per  minute  in 
animals  from  whom  the  liver  had  been  removed  whereas  only  0.03  to 
0.06  mgm.  disappears  from  blood  in  vitro  at  the  very  beginning  of  the 
glj'colytic  process  when  it  is  most  rapid.  The  presence  of  excess  of 
glucose  in  the  blood  does  not  cause  alteration  in  the  rate  of  glycolysis. 
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The  percentage  of  sugar  in  the  (venous)  hlood  of  man  and  in  that  of  the 
lower  animals.  Since  carbohydrate-rich  food  markedly  affects  the 
blood-sugar  level  it  is  necessary  for  its  comparison  among  different 
individuals  to  consider  only  those  results  obtained  in  blood  removed 
some  time  after  feeding.  To  ensure  that  the  interval  is  long  enough 
it  is  usually  the  practice  in  observations  on  man  to  use  the  blood  in  the 
morning  before  breakfast.  In  the  following  table  are  given  some  of  the 
values  recently  obtained  in  healthy  adults  and  children. 

It  will  be  observed  that  the  maximum  percentage  reported  by  dif- 
ferent observers  is  very  much  the  same  and  with  one  exception  is  not 
above  0.12,  the  minimum  on  the  other  hand  varies,  and  may  go  as 
low  as  0.044. 

TABLE  3 


NUMBER   OF 
CASES   OBSERVED 

VARIATIONS   IN 
BLOOD-SUGAR 

METHOD    USED 

OBSERVERS 

30  adults 

0.05  -0.12 

Original  Lewis-Benedict 

Gettler  and  Baker  (16) 

0.06  -0.11 

Bang  micro 

Hopkins  (22) 

100  adults 

0.044-0.12 

Modified  Lewis-Benedict 

Cummings     and     Piness 
(10) 

500  adults 

0.09  -0.11 

Modified  Lewis-Benedict 

Myers  and  Bailey  (45) 

16  adults    1 

0.09  -0.12 
0.085-0.11 

Modified  Lewis-Benedict 

Denis,   Aub   and   Minot 

(11) 

113  adults 

0.07  -0.14* 

Original  Lewis-Benedict 

Williams  and  Hum- 
phreys (63) 

0.09-  0.11 

Lewis  and  Benedict  (33) 

26  children 

0.072-0.113 

Original  Lewis-Benedict 

Bass  (6) 

100  children 

0.087-0.118 

Bang  micro 

Goetz  (cf.  6) 

*  Some  cases  were  examined  one  hour  after  taking  food. 

It  is  of  interest  to  compare  these  values  for  human  blood  with  those 
obtained  by  similar  methods  in  the  blood  of  lower  animals,  table  4. 

By  study  of  these  figures  the  striking  fact  comes  to  light  that  the 
concentration  of  soluble  carbohydrates  in  the  circulating  fluids  is 
similar  to  that  in  man  in  representative  animals  from  throughout  the 
animal  kingdom,  as  far  down  the  scale  as  the  Arthropods  at  least.  The 
only  exceptions  are  in  the  cases  of  the  dog-fish  (Squalus)  and  rat-fish 
(Chimaera).  Some  observers,  Diamare  for  example,  have  stated  that 
there  is  no  sugar  in  the  blood  of  the  former  and  it  is  the  case  that  in 
many  specimens  of  this  fish  examined  by  us  no  reducing  substance 
could  be  detected  by  the  ordinary  tests.  In  others,  however,  quite 
considerable  quantities  were  found  and  in  certain  cases  where  none 
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TABLE  4 


PER  CENT  REDUCING  POWER 

ANIMAL 

METHOD  AND  OBSERVER 

Maximum 

Minimum 

Average 

Dog 

0.102 

0.073 

0.085 

Colloidal  iron  Bert  rand, 
Oppler  and  Rona  (47) 

o 

Dog  (immediately  after  1 
etherization 

0.146 

0.075 

0.111 

Colloidal  iron  Bertrand, 
Macleod  and  Pearce  (37^*) 

0.2C6 

0.093 

Keeton  and  Ross  (26") 

Cat 

0.C96 

0.056 

0.069 

Phosphotungstic  acid,  E.  L. 
Scott  (56) 

Cat  (under  cocaine)  .... 

0.0736 

0.0546 

0.0664 

Scott's  method,  Schear  (57) 

0.13 

0.08 

0.10 

Colloidal  iron — polarization, 

Rabbit - 

Oppler  (47) 

0.13 

0.08 

0.10 

Bang  (3) 

Marmot: 

1.  Hibernating 

0.009 

Dubois  (cf.  5) 

2.  Active 

0.117 

Birds  (chicken) 

0.23 

Bierry  and  Fandard  (5) 

Tortoise 

0.21t 
0.05 

0.05 

0.102 

Unpublished.     Picric  acid 
Bang  (3) 

Frog 

0.02 

"o 

Fish: 

Teleostomi  (carp)  .... 

0.145 

0.058 

0.090 

Picric  acid,  Lang  and  Mac- 
leod (30) 

(Lake  trout) 

0.081 

Picric  acid,  Lang  and  Mac- 
leod (30) 

Chimaera  (rat  fish)*. . 

0.037 

0.022 

0.028 

Picric  acid,  Lang  and  Mac- 
leod (30) 

Elasmobranchus  (dog 

fish) 

0.038 

0.000 

Trace 

Picric  acid,  Lang  and  Mac- 
leod (30) 

Molluscs  (horse  clam) . .  . 

Trace? 

Picric  acid,  Bertrand,  Lang 
and  Macleod  (30) 

Arthropods : 

Cancer  productus .... 

0.081 

0.039 

0.040 

Picric  acid,  Lang  and  Mac- 
leod (30) 

Cancer  irrotatus 

0.11 

0.06 

0.074 

Picric  acid,  Lang  and  Mac- 
leod (30) 

Homarus  Americanus  . 

Trace 

Picric  acid,  Bertrand,  Lang 
and  Macleod  (30) 

Octopus 

0.032 

Bierry  and  Giaja  (5) 

*  Fish  dead  some  time  before  blood  removed. 
t  Turtle  possibly  asphyxiated. 
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could  be  detected  by  the  usual  chemical  procedures  (e.g.,  reduction  of 
picric  acid,  Bertrand  method),  this  became  possible  by  using  larger 
quantities  of  blood,  extracting  the  evaporated  protein-free  filtrate  with 
absolute  alcohol,  and  measuring  the  reducing  power  of  a  watery  solu- 
tion of  the  evaporated  alcoholic  extract.  In  the  closely  related  rat-fish 
(chimaera)  a  relatively  low  percentage  of  sugar  was  also  found  by  the 
picric  acid  method.  In  contrast  to  these  fishes,  the  higher  forms,  repre- 
sented by  the  Teleostomi,  gave  results  that  are  practically  the  same 
as  for  man.  One  might  imagine  that  the  concentration  of  blood  sugar 
Avould  gradually  become  less  and  less  the  lower  one  descended  in  the 
invertebrate  scale,  but  this  is  apparently  not  the  case  since  a  percent- 
age of  about  0.07  was  found  (in  the  circulating  fluid)  of  one  species  of 
crab  (cancer  irroratus)  and  from  0.04  to  0.08  per  cent  in  another  (cancer 
productus).  When  no  sugar  can  be  detected  in  the  circulating  fluids 
the  possibility  has  to  be  considered  that  this  is  due  to  a  process  of 
rapid  glycolysis  setting  in  immediately  the  fluid  is  withdrawn  for  anal- 
ysis, rather  than  to  an  actual  deficiency  in  sugar.  We  gained  the 
impression  that  glycolysis  is  very  rapid  in  the  circulating  fluids  of 
marine  animals. 

It  should  be  pointed  out  that  the  identity  of  the  so-called  blood 
sugar  of  the  lower  forms  has  not  been  precisely  determined  although 
there  is  some  evidence  that  it  is  closely  related  to  glucose  since  it  forms 
with  phenyl  hydrazine  crystals  of  osazone  that  are  indistinguishable  in 
microscopical  appearance  from  glucosazone.  The  interesting  possi- 
bility must  not  be  lost  sight  of,  however,  that  the  circulating  carbo- 
hydrate, or  a  part  of  it,  may  be  pentose  rather  than  hexose,  at  least 
in  those  forms  of  invertebrates  that  live  exclusively  on  vegetable  foods 
containing  pentosans  in  place  of  starches.  Certain  moflusks  Hve  on 
such  food,  and  although  in  these  animals  we  have  not  found  it  possible 
to  collect  a  sufficient  amount  of  circulating  fluid  in  which  to  deter- 
mine whether  glucose  is  present,  it  is  significant  that  the  polysaccharide 
(glycogen)  in  the  liver  is  apparently  identical  Avith  that  of  the  higher 
animals.  This  is  also  the  case  for  still  more  primitive  forms  of  animal 
(and  plant  life)  (27). 

That  there  is  close  correspondence  in  the  concentration  of  soluble 
carbohydrates  in  the  circulating  fluids  of  such  diverse  groups  of  ani- 
mals, emphasizes  the  importance  of  this  substance  in  the  animal  econ- 
omy. The  well-known  facts  that  sugar  still  remains  in  considerable 
percentage  in  the  blood  up  to  the  last  days  of  starvation  in  laboratory 
animals  and  that  it  is  produced  in  excess  out  of  amino  acids  in  diabetes 
afford  further  evidence  of  its  importance. 
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The  hlood-sugar  curve  following  ingestion  of  carbohydrate.  In  the 
preceding  pages  attention  is  paid  to  the  manner  in  which  the  sugar  is 
contained  in  the  blood  and  to  its  concentration  under  normal  condi- 
tions. In  the  hope  that  the  results  might  prove  to  be  of  clinical  value, 
much  attention  has  been  paid  in  recent  years  to  the  quantitative 
behavior  of  the  blood  sugar  during  increased  intestinal  absorption. 
We  shall  now  briejfly  review  the  main  aspects  of  this  work  and  consider 
the  value  of  the  results  in  relationship  to  the  diagnosis  of  diabetic  con- 
ditions. The  first  observations  were  those  of  Bang  and  his  pupils  (3) 
who  found  in  rabbits  that  the  sugar  in  the  blood  of  the  ear  vein  became 
perceptibly  increased  in  about  15  minutes  after  giving  starving  animals 
2  to  10  grams  of  glucose  or  of  starch  by  stomach  tube.  The  percentage 
of  blood  sugar  continued  to  increase  for  about  one  hour,  when  it  might 
attain  to  double  its  normal  percentage  (alimentary  or  post-prandial 
hyperglycemia),  after  which  it  gradually  declined  so  as  to  regain  the 
starvation  level  in  about  3  hours.  When  starch  or  starch-containing 
foods  were  given  to  rabbits  in  which  digestion  was  already  in  progress 
no  effect  on  the  blood  sugar  was  observed  to  occur.  These  results 
clearly  showed  that  the  liver  does  not  succeed  in  retaining  as  glycogen 
all  of  the  glucose  that  is  absorbed  from  the  intestine  into  the  blood  of 
the  portal  circulation  when  the  absorption  is  rapid,  although  it  may 
succeed  in  doing  so  when  the  absorption  is  slow.  The  publication  of 
these  fundamental  observations  naturally  stimulated  many  workers  in 
the  clinical  field  to  investigate  the  behavior  of  the  concentration  of  blood 
sugar  in  man  before  and  following  the  ingestion  of  carbohydrates  and 
other  food  stuffs  in  the  hope  that  the  results  might  be  of  value  in  diabetes 
and  in  other  diseases.  These  investigations  were  happily  rendered 
feasible  by  the  introduction  about  this  time  of  simple  and  accurate 
methods  for  the  measurement  of  sugar  concentration  in  small  amounts 
of  blood.  Without  any  great  inconvenience  to  the  patient,  samples  of 
blood  can  be  removed  at  frequent  intervals  from  the  arm  veins,  and  the 
results  of  the  analyses  for  sugar  then  plotted  on  coordinate  paper  as 
ordinates  with  the  time  intervals  along  the  abscissa.  Some  of  the 
results  are  given  in  the  accompanying  charts  which  have  been  redrawn 
from  Bailey's  paper  (4).  There  are  three  aspects  of  the  curves  to  be 
considered — first,  the  maximum  height  attained;  second,  the  time  at 
which  this  maximum  occurs  and  its  duration  (after  giving  the  carbo- 
hydrate) ;  and  third,  the  time  required  for  the  curve  to  return  to  normal. 
It  will  also  be  convenient  to  consider  here  the  concentration  of  blood 
sugar  at  which  glycosuria  becomes  established,  the  so-called  renal 
threshold  for  sugar. 
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Fig.  1.  Blood  sugar  curves  for  normal  individuals  following  the  ingestion  of 
100  grams  or  more  of  glucose.     (From  Bailey.) 
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The  maximum  height  of  the  curve  following  the  ingestion  of  100  grams 
glucose  varies  greatly  in  different  individuals.  Thus,  in  four  cases 
observed  by  Jacobson  (25)  it  reached  only  to  between  0.12  and  0.13 
per  cent,  whereas  in  eight  other  cases  it  reached  to  between  0.17  and 
0.23  per  cent.  In  eight  persons  examined  by  Hopkins  (22)  the  maxi- 
mum stood  between  0.11  and  0.156  per  cent  and  in  six,  examined  by 
Hamman  and  Hirschman  (20),  between  0.1  to  0.14  per  cent.     (Fig.  1.) 

As  would  be  expected,  considerable  irregularity  was  also  observed  in 
the  time  at  which  the  maximum  occurred  and  in  the  duration  of  the  hyper- 
glycemia. In  Jacobson's  observations  the  maximum  occurred  in  about 
one-half  hour  and  was  of  short  duration,  in  those  cases  in  which  the 
maximum  only  reached  a  low  level,  but  it  might  be  delayed  for  one 
and  one-half  hours  in  the  cases  in  which  the  maximum  was  high.  The 
maximum  was  reached  in  about  one-half  hour  in  four  of  Hopkins' 
cases,  but  in  four  others  it  was  decidedly  later  and  the  duration  varied 
greatly.  Cummings  and  Piness  (10)  examined  the  blood  sugar  in  58 
normal  subjects  before,  1  hour  and  2  hours  after  giving  100  grams 
glucose  and  they  emphasize  the  fact  that  the  rise  in  blood  sugar  attains 
its  maximum  (at  about  50  per  cent  above  the  normal)  during  the  first 
hour  and  drops  to  about  one-half  this  during  the  second  hoin-.  Their 
method  of  blood  analysis  is  however  scarcely  so  reliable  as  that  ordi- 
narily employed.  In  Hamman  and  Hirschman's  observations  the 
maximum  was  reached  in  from  20  minutes  to  1^  hours  and  the  duration 
of  the  hyperglycemia  varied  between  45  minutes  and  3|  hours,  being 
more  or  less  proportional  to  the  height  of  the  maximum  and  the  time 
of  its  occurrence.  If  it  were  permissible  to  calculate  an  average  from 
results  that  vaiy  so  greatly  this  would  show  that  the  administration  of 
100  grams  glucose  on  an  empty  stomach  should  raise  the  blood  sugar  of 
a  normal  person  to  about  0.15  to  0.16  per  cent  in  from  30  to  60  minutes 
and  the  normal  should  be  regained  in  about  2  hours.  The  causes  for 
the  discrepancies  are  no  doubt  dependent  mainly  on  inequalities  in  the 
digestive  function  such  as  the  rate  of  discharge  of  the  glucose  through 
the  pyloric  sphincter,  the  volume  of  the  intestinal  contents,  and  the 
extent  and  nature  of  bacterial  digestion.  It  is  further  evident  from 
these  results  that  if  determinations  of  alimentary  hyperglycemia  are 
to  be  of  any  value  for  clinical  purposes,  the  samples  of  blood  must  be 
removed  for  analysis  at  least  at  half-hour  intervals.  During  the  first 
hour  after  taking  the  sugar  Bailey  advocates  blood  examinations  every 
quarter  of  an  hour. 

Bang  also  found  that  a  second  administration  of  glucose  during  the 
decline  of  the  hyperglycemia  produced  by  the  first  one,  was  followed 
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by  a  much  less  marked  reaction.  This  has  been  confirmed  by  Hamman 
and  Hirschman  on  normal  and  diabetic  men.  The  significance  of  the 
result  is  that  it  indicates  that  assimilation  of  sugar  causes  stimulation 
of  the  sugar-destroying  functions  of  the  body.  It  is  possibly  partly 
for  this  reason  that  hyperglycemia  is  much  less  pronounced  when  sugar 
absorption  is  slow,  as  when  starch  is  ingested.  The  first  absorbed 
sugar  stimulates  the  metabolic  functions  so  that  that  subsequently 
absorbed  is  better  assimilated. 

The  renal  threshold.  Before  we  proceed  to  compare  the  foregoing 
normal  results  with  those  obtained  in  diseased  individuals,  it  will  be 
advantageous  to  consider  the  relationship  which  exists  between  the  degree 
of  hyperglycemia  and  the  development  of  glycosuria.  It  will  be  remem- 
bered that  Claude  Bernard  was  responsible  for  the  view  that  no  glucose 
appears  in  the  urine  until  the  concentration  of  the  blood  sugar  reaches 
a  certain  level  which  has  come  to  be  known  as  the  renal  threshold  for 
.  sugar.  Justified  by  the  inability  of  the  great  majority  of  investigators 
to  demonstrate  by  the  usual  qualitative  tests  the  presence  of  glucose 
in  normal  urine,  this  doctrine,  until  comparatively  recently,  has  been 
almost  universally  subscribed  to.  The  difficulties  in  the  way  of  decid- 
ing whether  normal  urine  contains  glucose  are  dependent  on  the  pres- 
ence in  this  fluid  of  other  substances  capable  of  reducing  alkaline  copper 
solutions  (i.e.,  creatinine,  polyphenols,  urochrome,  glycuronic  acid)  as 
well  as  of  substances  which  interfere  with  the  proper  precipitation  of 
cuprous  oxide.  These  interfering  substances  can  be  very  largely 
removed  by  precipitation  with  mercuric  nitrate  (55),  (7)  or  with  phos- 
photungstic  acid  and  lead  acetate  (47)  or  with  picric  acid  (46)  or  with 
blood  charcoal  in  the  presence  of  25  per  cent  glacial  acetic  acid  or  15 
per  cent  pure  acetone  (52),  (37b).  After  such  precipitation,  the  urine 
exhibits  decided  reducing  properties  but  notwithstanding  the  large 
amount  of  attention  that  has  been  devoted  to  the  subject  it  is  not 
definitely  known  what  proportion  of  this  is  due  to  glucose.  By  fer- 
mentation with  yeast  there  is  a  certain  diminution  in  the  reducing 
power,  which  would  indicate  the  presence  of  glucose,  but  the  precise 
nature  of  the  non-fermentable  material  is  uncertain,  although  there  is 
evidence  (7)  to  show  that  it  is  carbohydrate  in  nature. 

Although  we  cannot  accuratel.y  measure  the  glucose  excretion,  it  is 
very  important  to  know  whether  the  total  of  carbohydrates  in  the 
urine  of  normal  animals  bears  any  quantitative  relationship  to  the 
percentage  of  sugar  in  the  blood.  Using  the  charcoal  method  for 
removal  of    the  interfering  substances,    Macleod,  Christie    and   Don- 
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aldson  (37b)  fovmd  that  from  1  to  1.85  gram  of  such  material  were 
excreted  in  the  24-hoiir  urine  of  two  normal  men  hving  on  mixed 
diets  containing  a  considerable  proportion  of  carbohydrate.  Using 
the  mercuric  nitrate  method,  Benedict,  Osterberg  and  Neuwirth  (7a) 
found,  in  two  normal  men  of  55  and  22  years  of  age,  the  total  daily 
excretion  to  vary  between  0.7  and  1.16  grams  while  living  on  ordinary 
diets,  and  to  rise  to  a  maximim  of  1.6  grams  when  excess  of  carbo- 
hydrate was  given.  The  ratio  betAveen  the  amount  of  fermentable 
and  unfermentable  sugar  excreted  also  varied  in  relationship  to  the 
nature  of  the  diet.  The  most  significant  •  results  were  secured  by 
making  the  observations  on  urine  voided  every  2  hours  during  the  day, 
the  results  being  of  the  same  nature  in  both  of  the  subjects  investigated, 
though  quantitatively  greater  in  the  older  man.  After  each  of  the 
three  meals  of  the  day,  when  these  w^ere  rich  in  carbohydrates,  an 
increase  occurred  in  the  fermentable  sugar  accompanied,  at  least  in 
the  forenoon,  by  a  decided  decrease  in  both  the  absolute  and  the  rela- 
tive amounts  of  the  non-fermentable  sugar.  In  the  early  morning 
(starving)  urine  the  total  reducing  substance  was  small  but  the  non-fer- 
mentable moiety  relatively  large.  No  definite  relationship  could  be 
detected  between  the  volume  of  the  urine  and  the  extent  of  the  excre- 
tion of  either  fermentable  or  non-fermentable  sugar.  The  increase  in 
fermentable  sugar  might  be  so  marked  as  to  bring  its  concentration 
up  to  the  level  at  which  the  ordinary  clinical  tests  for  sugar  were  pro- 
nounced. The  important  practical  conclusion  is  drawn  from  the  • 
results  that  ''the  normal  organism  is  truly  diabetic  in  that  it  has  no 
absolute  tolerance  for  carbohydrate."  In  other  words,  the  difference 
between  the  normal  and  the  diabetic  is  wholly  a  quantitative  one. 

Observations  were  also  made  on  the  effects  which  followed  ingestion 
of  weighed  quantities  of  glucose  and  of  cane  sugar,  either  on  an  empty 
stomach  or  along  with  food.  In  the  case  of  the  older  man,  on  an 
empty  stomach,  although  20  grams  glucose  scarcely  altered  the  total 
sugar  excretion  it  invariably  caused  the  non-fermentable  moiety  to 
become  both  absolutely  and  relatively  diminished.  This  indicates 
that  a  change  occurs  in  the  nature  of  sugar  metabolism  in  the  body  by 
ingestion  of  moderate  quantities  of  glucose.  With  40  grams  glucose, 
the  total  sugar  excretion  increased  but  again  the  amount  (both  abso- 
lute and  relative)  of  non-fermentable  sugar  fell  decidedly.  These  effects 
were  much  less  marked  when  cane  sugar  was  given.  There  was  some 
evidence  to  show  that  the  ingestion  of  glucose  increased  the  assimila- 
tive powers  of  the  organism  since  ingestion  of  a  second  quantity  did 
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not  have  so  marked  an  influence  upon  sugar  excretion  as  the  first  one. 
When  20  grams  glucose  were  added  to  an  average  meal,  the  elimination 
of  fermentable  sugar  was  decidedly  greater  than  when  glucose  was 
given  on  an  empty  stomach  but  here  again  the  non-fermentable  sugar 
decreased.  This  effect  was  brought  out  still  more  strikingly  by  adding 
25  grams  of  glucose  to  each  of  the  three  meals:  the  fermentable  sugar 
was  greatly  increased  but  the  non-fermentable,  diminished.  In  the 
case  of  the  younger  man  these  results  were  not  so  striking.  The 
tolerance  for  glucose  was  much  greater,  for  it  required,  on  an 
empty  stomach,  60  grams  glucose  to  cause  any  noticeable  effect  on  the 
urine,  this  being  however  of  the  same  nature  as  in  the  older  man. 
Taken  along  with  food,  on  the  other  hand,  20  grams  glucose  were  suffi- 
cient to  have  an  effect.  When  25  grams  glucose  were  added  to  each 
meal  of  the  day,  there  was  no  change  in  the  total  sugar  excretion  but  a 
decHne  occurred  in  the  non-fermentable  moiety.  Somewhat  similar 
results  were  obtained  in  the  case  of  two  dogs,  but  we  have  not  space  to 
discuss  them  here. 

The  observations  referred  to  show  conclusively  that  the  doctrine  of  a 
definite  renal  threshold  must  be  abandoned.  We  must  recognize  that 
the  normal  urine  contains  sugar  which  becomes  altered  in  amount 
under  conditions  which  are  known  to  cause  a  change  in  the  blood  sugar. 
The  term  glycosuria  means  nothing  more  than  the  presence  of  a  suffi- 
cient percentage  of  sugar  in  the  urine  to  give  the  ordinary  qualitative 
tests  and  the  term  glycuresis  as  suggested  by  Benedict  should  be  sub- 
stituted to  indicate  the  condition  in  which  the  sugar  present  in  urine 
becomes  increased  above  a  certain  amount.  It  is  probable  that  in 
place  of  the  usual  qualitative  tests  for  glycosuria  the  procedure  which 
will  in  the  future  be  employed  in  the  diagnosis  of  incipient  stages  of 
diabetes  will  be  to  measure  the  total  and  the  fermentable  sugar  excre- 
tion in  the  24-hour  urine.  Provisionally  we  may  say  that  if  the  total 
urinary  sugar  exceeds  1.5  grams  in  the  24-hour  urine  on  an  ordinary 
diet  the  case  should  be  further  investigated  by  testing,  in  2-hour  speci- 
mens, the  effect  which  is  produced  by  adding  a  certain  amount  of 
glucose  to  each  of  the  meals  of  the  day.  But  whether  the  procedure 
will  prove  itself  to  be  more  dependable  than  measurement  of  the  blood- 
sugar  curve  following  sugar  ingestion  has  not  as  yet  been  estabUshed. 
What  is  needed  now  are  observations  on  apparently  normal  individuals 
of  various  ages  doing  varying  amounts  of  muscular  work  and  living  on 
various  diets,  to  determine  the  precise  relationship  between  alimentary 
hyperglycemia  and  glycuresis.     Such  observations  will  furnish  us  with 
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normal  standards  with  which  results  obtained  in  suspected  cases  of 
diabetes  can  be  compared  and  it  is  altogether  likely  that  in  this  way 
we  shall  be  enabled  to  detect  a  tendency  to  breakdown  of  carbohydrate 
tolerance  at  an  earlier  stage  than  is  possible  at  present  when  such  can 
be  done  only  provided  the  glycuresis  is  so  pronounced  that  the  more  or 
less  arbitrary  clinical  tests  for  sugar  in  the  ui'ine  react  positive.  As 
experience  accumulates  it  will  no  doubt  be  possible  to  curtail  consid- 
erably the  number  of  urinary  analyses  that  will  be  necessary  to  detect 
excessive  glycuresis. 

From  what  has  been  said,  it  will  be  clear  that  the  sugar  level  at  which 
a  sufficient  degree  of  glycuresis  becomes  established  to  cause  the  urine 
to  react  by  the  ordinary  chnical  tests  for  sugar  (the  renal  threshold  for 
sugar)  is  a  more  or  less  arbitrary  value.  Nevertheless  it  is  of  impor- 
tance to  determine  it  because  it  enables  us  to  detect  an  alteration  in 
the  sugar-excretory  function  of  the  kidney.  Such  an  alteration  in 
the  direction  of  a  lowering  of  the  threshold  is  known  as  renal  diabetes. 
It  is  probable  that  many  cases  of  slight  glycosuria  are  really  of  the 
renal  type  and  that  the  prognosis  in  such  cases  is  vastly  more  favorable 
than  when  hyperglycemia  is  the  cause  of  the  glycosuria. 

Attempts  to  determine  the  threshold  have  been  made  by  Jacobson, 
Bailey,  Hamman  and  Hirschman,  etc.  Sugar  was  found  in  the  urine 
when  the  percentage  in  the  blood  reached  0.17  but  not  0.16  by  Jacob- 
son.  Hamman  and  Hirschman  usually  found  the  threshold  at  between 
0.17  and  0.18  per  cent  blood  sugar  but  occasionally  it  might  be  as 
low  as  0.14  per  cent.  This  variability  in  the  normal  threshold  is 
emphasized  elsewhere  by  one  of  these  authorities.  Williams  and 
Humphreys  accept  0.17  to  0.18  per  cent  as  the  normal  threshold  value. 
It  is  safe  to  conclude  that  the  threshold  in  the  majority  of  normal  per- 
sons is  at  such  a  level  that  demonstrable  glycosuria  occurs  when  the 
percentage  of  sugar  in  the  blood  rises  to  0.17.  Bailey  by  using  Myers' 
method  for  measurement  of  the  reducing  power  of  the  clinically  sugar- 
free  urine,  was  enabled  to  study  the  problem  in  light  of  Benedict's 
results  and  he  found  that  the  percentages  of  sugar  in  the  blood  and 
urine  run  parallel  until  the  former  has  risen  to  between  0.16  and  0.17, 
above  which  an  excess  of  sugar  appears  in  the  urine  and  as  the  hyper- 
glycemia passes  off  the  decrease  in  the  blood  sugar  precedes  that  in 
the  blood.  This  relationship  is  shown  in  the  accompanying  curve  of  a 
typical  case.  According  to  these  results  the  renal  threshold  represents 
a  critical  point  in  blood  sugar  below  which  the  sugars  of  blood  and  urine 
run  parallel  but  above  which  a  large  excess  of  sugar  escapes  into  the 
urine.     (Fig.  2.) 
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Fig.  2.  Chart  to  show  relationship  between  per  cent  sugar  in  the  blood  and  in 
the  urine.  It  will  be  observed  that  the  threshold  stands  at  about  0.17.  Up  to 
this  point  the  sugar  in  urine  and  in  blood  runs  parallel  but  above  it  excessive  gly- 
curesis  occurs.  Note  also  that  the  glycuresis  is  still  marked  after  the  percentage 
of  sugar  in  the  blood  has  returned  well  below  the  threshold  level.  The  crosses 
indicate  the  degree  to  which  the  urine  reacted  positive  for  qualitative  tests  for 
sugar.     (Redrawn  from  Bailey.) 
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While  recognizing  that  determination  of  the  blood-sugar  curve  is  of 
undoubted  value  in  the  detection  of  disturbed  conditions  of  carbo- 
hydrate metabolism,  we  must  bear  in  mind  that  there  are  still  many 
perplexing  factors  to  be  considered  before  we  can  adequately  explain 
the  rates  of  utilization  and  excretion  of  sugar  in  the  body.  Epstein 
(12)  and  Woodyatt  (62),  (53)  have  more  particularly  emphasized  the 
necessity  of  considering,  besides  the  concentration  of  sugar,  the  hlood 
volume,  that  is,  the  increase  or  decrease  in  water.  This  will  entail  a 
change  in  the  percentage  relations  of  the  various  substances  dissolved 
in  blood,  including  the  sugar,  which  may  not  run  parallel  with  changes 
in  total  amounts.  As  a  result  of  numerous  observations  on  normal  and 
diabetic  men,  Epstein  came  to  the  conclusion  that  it  is  the  total  amount 
of  sugar  in  the  blood,  rather  than  its  percentage,  that  is  the  factor 
which  determines  the  escape  of  sugar  by  the  urine.  To  determine  the 
total  sugar  accurately  it  would  be  necessary  to  measure  the  blood 
volume  at  the  same  time  that  the  sugar  percentage  is  determined. 
This  was  not  practicable  when  Epstein's  work  was  done,  but  an  attempt 
was  made  to  arrive  at  it  approximately  by  determining  the  relative 
blood  volume  (by  the  hematocrit)  and  then  correcting  the  percentile 
values  for  blood  sugar  by  the  degree  of  change  in  blood  volume.  This 
corrected  percentage  will  allow  for  changes  in  water  content  of  the 
blood.  In  considering  the  quantitative  relations  between  the  sugar 
of  the  blood  and  urine  in  diabetes,  Epstein  regards  the  hyperglycemia 
as  the  sum  of  the  greatest  amount  of  sugar  that  can  be  present  in  the 
blood  without  giving  rise  to  glycosuria  (namely  0.1  per  cent)  plus  an 
excess;  and  he  says  that  a  definite  mathematical  relation  exists  between 
the  percentage  of  sugar  in  the  urine  and  the  (corrected)  excess  per- 
centage in  the  blood. 

Apart  from  the  fact  that  these  views  do  not  adequately  take  cog- 
nizance of  the  presence  of  sugar  in  normal  urine,  as  well  as  that  the 
renal  threshold  of  0.1  per  cent  blood  sugar  chosen  by  Epstein  is  arbi- 
trary, it  is  at  present  very  difficult  to  see  how  variations  in  the  total 
amount  of  sugar  in  the  blood  could  influence  either  the  rate  of  excretion 
or  of  utihzation  of  the  circulating  sugar.  Unless  the  percentage  should 
change,  how  is  the  kidney  to  be  stimulated  or  depressed  in  its  sugar- 
excreting  function?  Epstein's  observations  cannot  however  be  Ughtly 
dismissed,  especially  in  light  of  the  work  of  Woodyatt  and  his  pupils. 
These  workers  found  both  in  laboratory  animals  and  in  man  that  glu- 
cose could  be  injected  continuously  into  the  venous  blood  by  means  of 
a  special  injection  apparatus  at  the  rate  of  about  0.85  giam  per  kilo 
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per  hour  without  causing  glycosuria,  and  that  beyond  this  tolerance 
limit  and  up  to  2.0  grams  per  kilo  an  hour,  a  certain  fraction  of  the 
injected  sugar  appeared  in  the  urine  varying  with  different  individuals 
and,  in  the  same  individual,  with  different  rates  of  injection.  In  the 
present  connection  the  most  significant  point  is,  that  variations  in  the 
quantity  of  water  injected,  while  the  injection  of  glucose  in  a  unit  of 
time  was  maintained  constant,  did  not  affect  the  rate  of  utihzation  or 
excretion  of  glucose.  The  administration  of  water  was  varied  either 
by  using  a  second  injection  apparatus  or  by  injecting  glucose  solutions 
which  differed  in  concentration  between  10  and  40  per  cent.  As  to 
how  the  tissues  and  kidneys  are  enabled  to  respond  to  changes  in  rate 
of  supply  of  glucose  rather  than  to  change  in  concentration,  it  is  diffi- 
cult to  say.  As  Woodyatt  points  out  "Variations  of  the  total  quantity 
of  a  glucose  solution  of  fixed  concentration  on  one  side  of  an  ordinary 
dialyzer  would  not  vary  the  rate  at  which  glucose  molecules  diffused 
through  it  nor  could  the  concentration  be  changed  without  affecting 
the  rate  of  diffusion."  It  is  suggested  that  the  surfaces  of  contact 
between  plasma  and  cells  may  increase  or  diminish  in  proportion  as 
the  plasma  volume  increases  or  diminishes,  in  which  case  the  total 
number  of  glucose  molecules  impinging  on  the  total  cell  surface  will 
remain  the  same.  Such  considerations  open  up  a  new  field  of  thought 
in  connection  with  the  whole  question  of  exchange  between  cells  and 
blood  plasma,  but  it  would  be  out  of  place  here  to  speculate  as  to  the 
possible  mechanisms  that  may  be  involved.  The  marked  changes  in 
the  lumen  of  the"  capillaries  that  Krogh  has  shown  to  occur,  changes  in 
the  volume  of  the  glomerular  tuft  and  changes  in  volume  and  in  the 
distribution  of  leucocytes  are  all  to  be  considered  in  this  connection. 

The  hlood-sugur  curve  and  the  renal  threshold  in  disease.  In  conclud- 
ing the  review  it  may  prove  of  value  to  clinical  workers  if  we  briefly 
recapitulate  some  of  the  alterations  which  the  post-prandial  blood- 
sugar  curve  and  the  renal  threshold  for  sugar  have  been  found  to 
undergo  in  diabetes  and  other  diseases.  In  order  that  moderate  devia- 
tions from  the  normal  may  be  detected  it  is  important  that  the  speci- 
mens of  blood  for  analysis  be  removed  at  least  every  half-hour  until 
three  have  been  taken  and  thereafter  at  hourly  intervals.  If  collected 
only  at  hourly  intervals  from  the  start,  as  pointed  out  by  Bailey, 
results  that  are  normal  may  be  obtained  both  in  cases  of  renal  diabetes 
and  of  early  diabetes. 
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Diabetes  mellitus.  In  three  patients  with  mild  diabetes  after  100 
grams  ghicose,  Hamman  and  Hirschman  (20)  found  that  the  curve 
rose  more  slowly  than  normal  (f  hour  to  If  hours)  reached  a  decidedly 
higher  level  (over  0.2  per  cent)  at  which  it  was  apt  to  be  maintained 
(forming  a  plateau)  and  then  only  slowly  decUned,  the  total  curve 
occupying  from  3  to  4  hours.  In  severe  cases  (receiving  much  less 
dextrose)  the  curve  was  of  similar  type  the  characteristic  feature  being 
its  duration  rather  than  its  actual  height.  Glycosuria  was  an  invari- 
able accompaniment  of  the  hyperglycemia.  The  renal  threshold  was 
usually  normal  in  mild  cases  but  once  excessive  glycuresis  became 
estabhshed,  as  by  ingestion  of  sugar,  the  kidneys  continued  to  excrete 
excess  of  sugar  after  the  blood  sugar  had  fallen  to  considerably  below  the 
threshold  (shown  in  Fig.  2,  p.  230).  These  authors  also  point  out  that 
many  severe  cases  of  diabetes  have  a  lowered  threshold  unless  nephritis 
is  also  present,  when  it  may  be  greatly  raised  and  that  superimposed 
doses  of  glucose  are  not  necessarily  followed  by  a  steplike  rise  in  blood 
sugar.  This  indicates  that  the  first  absorbed  sugar  stimulates  the 
sugar  destroying  powers  of  the  diabetic  just  as  we  have  seen  it  to  do  in 
the  cases  of  the  normal  person.  This  effect  is  however  not  so  marked 
as  in  normal  persons  and  it  may  be  absent  in  severe  cases  of  the  disease. 

Bailey  (4)  states  that  alimentary  hyperglycemia  is  characterized  by 
a  rapid  rise  and  fall  in  uncomplicated  diabetes  but  that  it  becomes  pro- 
longed when  there  is  renal  involvement.  At  the  same  time  the  thresh- 
old for  sugar  is  abnormally  low  in  early  diabetes  so  that  glycuresis  is 
excessive.  This  author  concludes  that  tests  of  post-prandial  hyper- 
glycemia are  of  little  clinical  value  in  comparison  with  tests  for  gly- 
curesis. In  order  to  make  these  tests  the  sugar  present  in  the  urine 
should  be  determined  by  one  of  the  methods  described  on  page  226 
at  frequent  intervals  during  6  hours  following  the  administration  of 
100  grams  glucose.  If  this  is  coupled  with  a  determination  of  the  per- 
centage of  sugar  in  a  specimen  of  blood  removed  the  first  thing  in  the 
morning  (starvation  level)  after  several  days  on  a  steady  mixed  diet, 
it  is  unnecessary  to  carry  out  the  series  of  blood  examinations.  Cum- 
mings  and  Piness  (10),  using  0.2  cc.  of  blood  for  analysis  by  the  Lewis 
Benedict  method,  place  more  emphasis  on  the  duration  of  the  curve 
than  its  maximum  height.  In  diabetes  the  curve  is  higher  during  the 
second  than  during  the  first  hour,  whereas  as  we  have  seen  it  is  the 
other  way  in  normal  subjects.  The  results  of  the  findings  of  Hum- 
phreys and  Williams  (63)  are  plotted  in  the  curves  shown  in  figures 
3  and  4.     Those  in  figure  3  are  for  normal  individuals  and  for  a  group 
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that  was  considered  to  include  very  mild  cases  of  diabetes.  By  com- 
parison of  these  two  sets  of  curves  and  considering  those  given  in 
figure  1  (p.  224),  it  can  scarcely  be  said  that  determination  of  the 
extent  and  duration  of  post-prandial  hyperglycemia  is  a  delicate  test 
for  incipient  diabetes.     The  curves  in  figure  4  are  from  patients  with 
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Fig.  4 


Fig.  3.  Curves  of  blood  sugar  following  ingestion  of  100  grams  of  glucose  in 
normal  individuals,  chart  3;  and  in  individuals  considered  to  be  suffering  from 
very  mild  diabetes,  chart  4.  These  curves  were  compiled  from  the  paper  of  Wil- 
liams and  Humphreys. 

Fig.  4.  Blood-sugar  curves  from  decided  but  mild  cases  of  diabetes;  these 
are  on  the  same  scale  as  the  curves  in  figure  3;  compiled  from  data  published 
by  Williams  and  Humphreys. 

decided  diabetes  and  of  course  the  picture  is  very  different  although 
it  will  be  noted  that  the  hyperglycemia  is  not  so  markedly  prolonged 
as  some  have  stated  it  to  be  in  such  cases. 

It  will  be  remembered  that  the  Ijlood  sugar  does  not  rise  in  a  normal 
person  after  a  carbohydrate-free  meal.  In  diabetics  in  whom  the  early 
morning  blood  sugar  level  is  not  decidedly  above  0.17  per  cent  there 
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may  be  a  distinct  rise  after  such  a  diet  and  the  rise  is  likely  to  be  pro- 
longed. It  is  evident  in  about  one  hour  after  breakfast  but  is  very 
slight,  if  not  entirely  absent,  following  the  subsequent  meals  of  the  day. 
Indeed  the  curve  may  drop  in  the  afternoon  and  evening  even  although 
(carbohydrate-free)  food  is  taken  as  usual.  Very  severe  cases  (initial 
sugar  above  0.17  per  cent)  yield  somewhat  different  results,  for  in  them 
non-carbohydrate  food  does  not  usually  affect  the  blood  sugar;  on  the 
contrary,  this  tends  to  maintain  a  (high)  constant  level  throughout  the 
day  (44). 

Every  case  showing  an  abnormally  high  or  prolonged  blood-sugar 
curve  or  a  high  starvation  level  is  not  necessarily  one  of  diabetes. 
Similar  curves  are  observed  in  certain  cases  of  nephritis  and  in  certain 
diseases  of  the  thyroid  and  pituitary  glands.  It  is  apparently  not 
possible  at  present  to  state  precisely  just  what  particular  type  of 
nephritis  is  associated  with  the  diabetic  type  of  blood-sugar  curve  and 
the  relationship  is  still  less  evident  if  the  sugar  content  of  the  urine 
be  alone  considered.  This  is  because  the  renal  threshold  for  sugar 
often  becomes  greatly  raised  in  this  disease  so  that  no  glycosuria  may 
be  present  as  judged  by  clinical  tests,  when  the  blood  sugar  is  far 
above  the  normal  threshold  value.  As  a  general  rule,  according  to 
Williams  and  Humphreys  (63b),  when  the  nephritis  is  so  far  advanced 
that  the  nitrogenous  metabolites  are  abnormally  high,  and  uremia  is 
imminent,  the  blood  sugar  is  also  high  (but  errors  in  estimation  due  to 
excess  of  creatinine  must  be  avoided).  In  early  stages  of  the  disease 
when  the  general  metabolism  is  but  little  disturbed  the  blood  sugar  is 
usually  normal  and  in  cases  in  which  high  blood  pressure  exists  without 
detectable  renal  involvement  the  blood  sugar  levels  are  slightly  higher 
than  normal. 

In  disease  of  the  thyroid  gland  the  blood  sugar  maj'  or  may  not  undergo 
decided  variations  from  the  normal.  In  exophthalmic  goiter  the  post- 
prandial curve  is  of  the  diabetic  tj'pe  although  the  morning  l^lood  con- 
tains the  normal  percentage  of  sugar,  the  renal  threshold  being  usually 
Httle  if  at  all  above  the  normal  level,  provided  there  be  no  kidney 
involvement  (20).  Tested  by  Woodyatt's  method,  the  glucose  toler- 
ance was  found  depressed  more  or  less  in  proportion  to  the  severity 
of  the  symptoms  (62a).  In  depressed  functioning  of  the  gland  it  is 
commonly  stated  that  sugar  metabolism  is  depressed  but  this  is  not 
invariable  (62a).  In  cases  diagnosed  as  overf unction  of  the  hypo- 
physis, normal  types  of  blood-sugar  curve  have  been  found  to  occur. 
Mild  acromegalia  cases,  on  the  other  hand,  are  said  sometimes  to  show 
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depressed  curves   (Hamman  and  Hirschman)   but  as  often  they  are 
apparently  normal  in  this  regard  (Wilder  and  Sansum). 

Further  details  of  the  behavior  of  blood  sugar  in  diseases  of  the  endo- 
crine organs  will  be  found  in  a  paper  by  Janney  and  Isaacson  (26), 
We  have  obviously  not  attempted  to  review  all  of  the  numerous  obser- 
vations which  have  been  made  on  the  behavior  of  the  blood  sugar  in 
disease  but  only  to  cite  a  few  typical  cases  from  the  more  recent  htera- 
ture.  This  has  been  done  mainly  with  the  object  of  showing  that 
determinations  of  the  blood-sugar  curve  cannot  be  of  very  great  diag- 
nostic value  except  perhaps  in  forming  an  opinion  of  the  severity  of  the 
disease  in  cases  of  diabetes,  or  in  following  the  results  of  treatment, 
but  even  in  these  cases  it  is  probable  that  careful  examination  of  the 
urine  in  relation  to  food  ingestion,  as  directed  by  Bailey,  is  equally 
valuable.  Quantitative  determinations  of  the  reducing  power  of  urine 
from  which  the  disturbing  substances  have  been  removed  (as  by  the 
mercuric  nitrate  method  of  Benedict,  or  by  charcoal),  appear  to  offer 
as  useful  and  as  practical  a  method  for  the  diagnosis  of  disturbed  car- 
bohydrate metabolism  as  determination  of  the  blood-sugar  curve. 
When  abnormally  high  urinary'  sugar  is  found  unaccompanied  bj'  a 
fasting  hyperglj^cemia,  or  other  symptoms  of  diabetes,  determination 
of  the  blood-sugar  curve  is  however  essential  in  order  to  determine  the 
renal  threshold,  for  only  in  this  way  can  it  be  determined  whether  the 
glycuresis  is  due  primaril}^  to  a  lowering  of  the  renal  threshold  or  to  a 
disturbance  in  carbohydrate  metabohsm. 
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Glycogen  in  the  Heart  and  Skeletal  Muscles  in  Starved  and   Well-fed 

Animals 

By  J.  J.  R.  MACLEOD,  F.R.S.C,  and  D.  J.  Prendergast 

(Read  May  Meeting,  1921) 

It  is  known  that  the  heart  muscle  contains  a  relatively  high 
percentage  of  glycogen  and  that  this  substance  is  particularly  abun- 
dant in  the  conducting  structures  of  the  organ.  (1)  It  isalso known 
that  the  percentage  of  glycogen  in  the  heart  remains  at  a  high  level 
in  diabetes  whereas  it  diminishes  considerably  in  skeletal  muscles 
in  this  disease.  (2)  These  facts  bear  an  interesting  relationship 
to  the  results  recently  obtained  by  one  of  us  (J.  J.  R.  M.),  working  in 
association  with  L.  G.  Kilborn,  concerning  the  distribution  of  glycogen 
in  the  tissues  of  various  marine  animals.  In  these  investigations  it 
was  found  that  the  primitive  heart  of  the  dog  fish  (Sqnalus  sticklii) 
contains  much  more  glycogen  than  the  skeletal  muscles  or  even  the 
liver  (3). 

It  seemed  of  interest,  therefore,  to  investigate  the  behaviour  of 
the  glycogen  in  the  heart  and  muscles  of  rabbits  and  dogs  after 
periods  of  starvation  or  feeding  with  carbohydrate-rich  food,  and  we 
ofTer  the  results  in  the  present  communication. 

Methods 

The  observations  were  made  partly  on  rabbits  and  partly  on 
dogs,  the  animals  being  either  starved  or  fed  with  abundance  of 
carbohydrate-rich  food  (oats,  carrots  and  maize  for  rabbits,  dog 
biscuit  for  dogs)  for  three  or  four  days  preceding  that  on  which  they 
were  killed.  Water  was  allowed  during  the  starvation  period.  The 
animals  were  killed  by  stunning,  immediately  bled,  and  the  tissues  to 
be  examined  removed  as  quickly  as  possible  and  placed  on  ice  so  as  to 
diminish  post-mortem  glycogenolysis  in  the  interval  during  which 
the  necessary  weighings  were  being  made.  Portions  of  the  tissues 
were  then  cut  into  thin  slices  which  were  repeatedly  pressed  between 
several  layers  of  filter  paper  until  this  no  longer  became  stained  b\' 
blood,  the  slices  being  then  weighed  and  dropped  into  60  per  cent. 
KOH  solution,  the  volume  of  which  was  equal  to  that  of  the  weighed 
tissue.  For  a  strictly  accurate  determination  of  the  glycogen  content 
of  the  tissue  several  sources  of  error  are  incurred  by  the  above  pro- 
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cedure,  but  there  appears  to  be  no  way  of  avoiding  them.  Two  of 
these  errors  are  particularly  important:  (1)  post-mortem  glycogen- 
olysis  cannot  be  entirely  stopped  and  it  may  proceed  at  different 
rates  in  different  tissues;  (2)  it  is  impossible  to  be  certain  that  the 
slices  of  tissues  have  been  dried  to  the  same  degree.  It  might  appear 
as  if  these  errors  would  be  eliminated  by  dropping  the  tissues  into 
alcohol  immediately  after  their  excision  and  then  drying  them  to 
constant  weight  before  digesting  with  the  potash  solution.  Although 
we  have  employed  this  method  on  several  occasions  we  have  not 
thereby  obtained  results  that  would  seem  to  justify  its  adoption,  and 
we  hav3  therefore  endeavoured  to  eliminate  the  errors  by  repetition 
of  the  observations  on  a  sufficient  number  of  animals.  The  glycogen 
was  determined  by  a  slightly  modified  form  of  Pfliiger's  method  and 
all  results  were  obtained  in  duplicate  and  none  are  recorded  unless 
the  duplicates  checked  satisfactorily. 

Results  and  ConcUisions 

The  following  conclusions  appear  to  be  warranted  by  the  results: 

1.  The  heart  contains  a  decidedly  higher  percentage  oj  glycogen 
after  starvation  than  after  feeding  ivith  carbohydrate-rich  food.  In 
order  to  demonstrate  this  in  rabbits  it  was  necessary  to  take  three 
animals  for  each  observation  so  as  to  obtain  a  sufficient  amount  of 
heart  for  accurate  determination  of  the  glycogen. 

In  the  hearts  of  three  groups  of  three  fed  animals  each,  there  was 
0.150,  0.090,  and  0.083  per  cent,  of  glycogen;  average  0.108.  In  the 
hearts  of  three  groups  of  three  starv^ed  animals  each,  there  was  0.160, 
0.165  and  0.207  per  cent,  of  glycogen;  average  0.177. 

The  same  results  were  obtained  in  dogs,  in  which  case  the  heart 
was  large  enough  to  permit,  in  each  animal,  of  separate  determinations 
in  auricle  and  ventricle. 

T^eJ  3-4  days: 

Ventricle:  0.497,  0.526*,  0.617;  average,  0.547 
Auricle :      0 .  50,    0 .  454*,  0 .  648 ;  average,  0 .  534 

Starved  3-4  days: 

Ventricle:  1.00,    0.583*,  1.05;     average,  0.878 
Auricle:      0 . 828,  0 . 428*,  0 . 542 ;  average,  0 . 600 

The  ventricle  is  seen  to  contain,  on  an  average,  more  glycogen  than 
the  auricle  but  the  result  is  of  little  value  since  a  considerable  pro- 
*These  animals  were  in  an  unusually  poor  condition  of  general  nutrition. 
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portion  of  the  auricle  consisted  of  blood  vessels  and  other  non-muscular 
tissue.  Considering  the  ventricle  alone,  much  more  glycogen  was 
found  in  every  case  in  the  starved  animals  than  in  those  that  were 
well  fed.  The  least  difference  occurs  in  the  case  of  two  animals  that 
were  both  in  very  poor  general  condition. 

Taking  the  result  as  a  whole,  it  is  plain  that  glycogen  is  deposited 
in  the  heart  of  rabbits  and  dogs  during  the  first  three  days  of  starvation 
to  an  extent  that  is  greater  than  when  carbohydrate-rich  food  is  being 
ingested.     This  accumulation  is  particularly  evident  in  the  ventricle. 

2.  The  Skeletal  muscles  usually  contain  a  higher  percentage  of 
glycogen  after  feeding  uith  carbohydrate-rich  food  than  during  starvation 
and  the  difference  is  more  evident  in  dogs  than  in  rabbits.  The  observa- 
tions were  made  on  the  same  animals  as  were  employed  for  those  on 
the  heart  and  the  results  are  given  in  the  same  order.  In  the  case 
of  the  rabbits  red  and  pale  muscles  were  separately  investigated,  the 
soleus  and  semitendinosus  being  taken  to  represent  red,  and  the 
adductor  magnus  to  represent  pale  muscle.  In  the  case  of  the  dogs, 
the  muscles  used  were  the  soleus  and  adductor  magnus. 

Rabbits        Fed—^dXe  muscle  0 .  39,  0 .  225,  0.136;  average,  0 .  325 
red    muscle  0.27,  0.46,    0.396;  average,  0.375 

Starved — pale  muscle  0.23,  0.44,     ;  average,  0.335 

red    muscle  0.34,  0.34,     ;  average,  0.340 

Only  in  the  case  of  the  red  muscle  is  there  uncertain  evidence  of  a 
higher  percentage  of  glycogen  due  to  feeding.  It  is  of  interest  to  note 
that  the  average  of  all  estimations  for  red  muscle  is  0.361  per  cent, 
(min.  0.27,  max.  0.396)  and  for  pale  muscle,  0.329  per  cent.  (min. 
0.225,  max.  0.440). 

Dogs  7^e(f— 1.16,  0.98,*    0.735;  average,  0.958 

Starved— 0.^^,0. A?,^,   0.821;    average,  0.546 

There  is  very  decided  evidence  that  starvation  reduces  the  percentage 
of  glycogen,  although  the  degree  to  which  the  reduction  occurs  is  not 
equal  in  different  animals.  It  is  possible  that  the  variability  depends 
on  the  amount  of  glycogen  remaining  in  the  liver  but  unfortunately 
this  was  not  controlled  in  these  observations.  The  average  percentage 
of  glycogen  in  the  muscles  of  the  starved  dogs  is  0.549  (min.  0.38, 
max.  0.821)  which  is  above  that  for  all  the  observed  muscles  of  both 
fed  and  starved  rabbits.  This  difference  between  the  two  species 
becomes  very  distinct  in  the  case  of  fed  animals. 

*See  note  on  p.  38 
—41 
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3.  The  percentage  of  glycogen  in  the  heart  is  much  higher  in  dogs 
than  in  rabbits,  both  during  starvation  and  after  feeding.  Thus,  the 
average  of  all  the  determinations  for  the  whole  heart  in  fed  dogs  is 
0.540  per  cent,  and  in  starved  dogs  0.739  per  cent.;  in  fed  rabbits 
the  average  is  0.108  and  in  starved  rabbits,  0. 177  per  cent. 

4.  In  the  rabbit  the  percentage  of  glycogen  in  the  heart  is  always 
less  than  that  in  the  skeletal  muscles  whereas  in  the  dog  the  heart  {ventricle) 
contains  a  higher  percentage  than  the  skeletal  muscles  in  starved  animals 
but  a  decidedly  lower  percentage  in  those  that  are  fed.  These  facts  are 
best  brought  to  light  by  comparison,  not  of  averages  but  of  determina- 
tions made  on  the  two  tissues  in  individual  animals.  The  following 
figures  will  serve  to  illustrate  these  relationships: 

(Per  cent.  Glycogen) 


A  nimal 
Rabbit  2a. 

Rabbit  3a. 

Rabbit  2.. 

Rabbit  3.. 


Dog  5 . . 
Dog  6.. 
Dog  7.. 
Dog  8.. 
Dog  9.. 
Dog  10. 


Condition 
Starved 


Fed 


Starved 


Fed 


Skeletal  Muscles 
0.23     (pale) 
0.34    (red) 
0.44    (pale) 
0.34    (red) 
0.225  (pale) 
0.460  (red) 
0.360  (pale) 
0.396  (red) 
0.38 
0.436 
0.821 
1.16 
0.98 
0.735 


Heart 
0.165 

0.207 

0.090 

0.083 

1.00 

0.583 

1.05 

0.497 

0.526 

0.617 
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Studies  in  Anoxaemia:  Oxygen  Unsaturation  of  the  Arterial  Blood 
By  J.  J.  R.  MACLEOD,  F.R.S.C,  and  S.  U.  Page,  M.A. 
(From  the  Physiological  Laboratory,  University  of  Toronto) 

The  effects  produced  on  animals  by  deficiency  of  oxygen  in  the 
inspired  air  are  widespread,  the  respiratory  and  circulatory  functions 
being  amongst  the  first  of  the  body  to  react  through  changes  occurring 
in  the  nerve  centres  which  control  them.(l)  The  numerous  tests  of 
the  reaction  of  man  to  decreasing  percentages  of  oxygen,  which 
formed  a  part  of  the  medical  examination  of  candidates  for  the 
aviation  services  during  the  war,  have  furnished  us  with  most  valuable 
information  of  the  objective  and  subjective  symptoms  of  anoxaemia, 
but  they  throw  very  little  light  on  the  exact  nature  of  the  physiological 
changes  which  are  responsible  for  these  symptoms.  There  have  been 
in  general,  two  views  regarding  this  question,  the  one  that  a  lowering 
of  free  oxygen  in  the  tissue  fluids  itself  serves  to  account  for  the 
symptoms,  and  the  other,  that  the  oxygen  deficiency  causes  secondary, 
incompletely  oxidized  substances  to  appear  and  that  these  act  as 
poisons.  (2)  The  following  investigations  have  been  undertaken  to 
throw  light  on  this  aspect  of  the  problem  and  altliough  they  are  not 
as  yet  completed  it  has  been  thought  advisable  to  place  certain  of  the 
results  on  record. 

Since  the  earliest  effects  of  anoxaemia  are  observed  most  definitely 
in  the  functions  of  the  respiratory  and  circulatory  systems,  attention 
has  been  paid  mainly  to  these  and  since  the  controlling  centres  are 
highly  sensitive  to  anaesthetics  the  use  of  the  latter  has  been  avoided 
by  employing  decerebrate  animals  for  the  experiments.  The  opera- 
tion of  decerebration  was  performed  by  the  method  described  by 
Sherrington  only  such  animals  as  recovered  entirely  from  the 
shock  of  the  operation  and  in  which  the  breathing  and  blood  pressure 
were  normal  being  used  for  the  anoxaemia  experiments.  (3)  To  bring 
about  the  anoxaemia  the  trachea  was  connected  through  a  wide-bore 
cannula  with  a  pair  of  very  sensitive  valves,  one  of  which  (the  in- 
spiration valve)  was  connected  with  a  large  thin-walled  rubber 
balloon  kept  moderately  full  with  a  mixture  of  oxygen  and  nitrogen 
which  was  delivered  Into  it  from  a  large  (100  litre)  gas  meter.  The 
other  (expiration)  valve  was  connected  with  a  Gad-Krogh  registering 
spirometer  of  a  known  capacity,  the  volume  of  respired  air  being 
determined  by  measuring  the  time  taken  for  this  to  fill.     The  arterial 
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blood  pressure  was  recorded  by  the  usual  methods  from  one  of  the 
femoral  arteries  and  a  cannula  was  inserted  in  the  opposite  artery  for 
the  purpose  of  collecting  samples  of  blood  on  which  to  measure  the 
degree  of  oxygen  unsaturation.  This  was  done  by  using  Barcroft's 
differential  blood  gas  manometer  as  follows:  a  narrow  straight  pipette^ 
graduated  in  0. 1  c.c.s.,  was  connected  with  the  artery  and  2  quantities 
of  0.2  c.c.  each  of  the  blood  were  delivered  immediately,  and  without 
coming  in  contact  with  air,  under  about  0.3  c.c.  of  a  weak  solution 
of  sodium  carbonate,  and  saponin,  contained  in  the  two  small  "  bottles" 
of  the  apparatus.  One  of  the  bottles  was  rotated  so  as  to  lake  the 
blood  and  render  it  completely  saturated  with  oxygen  and  both  were 
then  attached  to  the  manometer  tubes  and  placed  in  a  water  bath  at 
room  temperature  until  there  was  no  further  shrinkage  of  the  fluid 
in  the  manometer.  On  now  shaking  the  manometer  the  blood  in  the 
bottle  that  had  not  previously  been  shaken  became  laked  and  ab- 
sorbed oxygen  from  the  air  of  the  bottle  so  that  a  slight  negative 
pressure  resulted,  the  extent  of  which  was  indicated  by  the  manometer. 
Finally  a  solution  of  potassium  ferricyanide  was  mixed  with  the  laked 
saturated  blood  on  one  side  and  the  positive  pressure  created  by  the 
oxygen  thereby  evolved  also  read  on  the  manometer.  From  these 
two  values  the  percentage  of  unsaturation  was  calculated. 

Samples  of  alveolar  air  were  also  collected  by  the  method  de- 
scribed elsewhere,  and  analysed  in  the  Haldane  apparatus.  In  an 
actual  experiment  the  procedure  was  to  measure  the  volume  of  air 
breathed,  to  analyse  samples  of  alveolar  air  during  several  short 
periods  of  time  while  the  animal  was  still  breathing  outside  air,  and 
when  the  results  were  found  to  be  tolerably  constant  to  take 
samples  of  blood.  The  inspiration  valve  was  then  connected  with 
the  rubber  bag  and  the  volume  of  breathing  measured  and  the  alveolar 
air  analysed  at  regular  intervals  of  10  minutes,  duplicate  samples  of 
blood  being  also  taken  usually  at  the  same  periods,  although  some- 
times it  was  necessary  to  omit  one  or  more  of  these. 

Results 

Although  observations  have  been  made  over  a  wide  range  of 
oxygen  percentages  the  most  important  for  our  present  purpose  are 
those  in  which  alveolar  air  contained  between  8.3  and  10.8  per  cent, 
of  oxygen.  From  these  experiments  the  following  results  are  of 
interest: 

1.  During  the  first  ten  minutes  after  causing  the  animal  to 
breathe  oxygen-poor  air,  the  respiratory  volume  becomes  increased 
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and  the  arterial  blood  definitely  unsaturated  with  oxygen.     This  is 
shown  in  Table  I. 


TABLE  I 


Oxygen  capacity 

Percentile 

Per  cent.  0^  in 

No.  of  Experiment 

of  blood.     Per  cent. 

increase  in 

alveolar  air 

of  full  saturation 

resp.  volume 

(average) 

41 

12.5 

9.05 

43 

90 

9.5 

8.85 

45 

92.1 

12. 

9.55 

47 

89.7 

14.2 

8.3 

49 

90  . 

21.5 

8.8 

It  is  probable  that  unsaturation  of  the  blood  realy  occurs  at  higher 
percentages  of  oxygen  in  the  alveolar  air  than  those  recorded  here, 
but  it  is  difficult  to  demonstrate  it  when  this  is  above  10.  In  one 
experiment  in  which  the  alveolar  oxygen  stood  at  10. 9,  the  respirations 
were  greatly  excited  over  the  normal  (97  per  cent,  increase)  and 
the  arterial  blood  was  96.0  per  cent,  saturated  with  oxygen  (Expt.  42) 
but  we  have  discounted  this  experiment  because  the  cat  was  hyper- 
excitable  owing  to  the  decerebration  being  decidedly  in  front  of  the 
anterior  corpora  quadrigemina. 

In  a  previous  paper  it  was  pointed  out  that  a  certain  increase 
in  breathing  usually  occurs  within  a  few  seconds  after  connecting  the 
tracheal  cannula  through  valves  with  a  closed  system  of  wide  bore 
tubing  and  that  this  increase  is  probably  accounted  for  in  some  way 
by  the  slight  resistance  to  the  movement  of  air  since  it  cannot  be 
related  to  increase  in  CO2  or  deficiency  of  O2  in  the  air  breathed. 
In  the  present  experiments  this  possible  source  of  error  has  been 
avoided  by  using  the  thin-walled  rubber  bag  as  described  above. 
When  the  bag  contained  air  of  normal  composition  its  attachment  to 
the  inspiration  valve  had  no  effect  on  the  breathing. 

2.  During  the  subsequent  ten  minute  intervals  of  anoxaemia  the 
volume  of  air  breathed  may  either  increase  or  decrease,  although  the 
percentage  of  oxygen  in  the  inspired  air  has  remained  unaltered.  It 
is,  therefore,  important  to  compare  the  behaviour  of  the  oxygen 
unsaturation  of  the  blood  with  these  changes  in  respiration.  This 
is  done  in  Table  II. 
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TABLE 

II 

No.  of 

Condition 

1st 

2nd 

3rd 

4t 

h           5th 

Expt. 

10  min. 

10  min 

10  min. 

10  min.      10  min. 

/ 
49 

1. 

Per    cent,     change     in 

resp.  volume 

21.5 

18 

12.3 

2. 

Alveolar — O2  (percent.) 

8.8 

7.9 

3. 

Per  cent,  of  O2 — satur- 
ation of  blood 

90 

87.1 

43 

1. 

Resp. 

9.5 

-15.2 

-6.3 

2. 

Alv.-Oa 

8.85 

10.0 

10.35 

3. 

Blood  unsaturation 

90 

90 

82.6 

42 

1. 

Resp. 

97 

76 

38 

2. 

Alv.-Oa 

10.9 

10.8 

3. 

Blood  unsaturation 

96 

71.8 

II 

48 

1. 

Resp. 

23 

54 

2. 

Alv.-Oa 

10.3 

10.5 

3. 

Blood  unsaturation 

91.4 

93.5 

45 

1. 

Resp. 

12 

38.5 

.... 

52 

5          55 

2. 

AIV.-O2 

9.55 

10 

15        10.55 

3. 

Blood  unsaturation 

92.1 

96 

7          96.7 

47 

1. 

Resp.                           , 

14.2 

31.5 

2. 

Alv.-Oz 

8.3 

9.65 

3. 

Blood  unsaturation 

89.7 

94.4 

41 

1. 

Resp. 

12.5 

30.4 

115 

2. 

Alv.-Oa 

9.05 

10.65 

10.8 

3. 

Blood  unsaturation 

92.5 

94.9 
90.5 

The  results  grouped  under  "  I "  show  a  decrease  and  those  under 
"II"  show  an  increase  in  breathing.  Considering  first  of  all  the 
experiments  of  Group  II  it  will  be  observed  that  the  oxygen  saturation 
of  the  blood  runs  in  the  same  direction  as  the  change  in  breathing  and 
that  the  percentage  of  oxygen  in  the  alveolar  air  increases  as  the 
breathing  increases.  These  results  indicate  that  although  relative 
deficiency  of  oxygen  in  the  blood,  and  presumably,  therefore,  a  de- 
creased tension  of  oxygen  in  the  plasma,  may  be  directly  responsible 
for  the  stimulation  of  respiration  at  the  beginning  of  anoxaemia 
(cf.  Table  I)  such  cannot  be  the  cause  of  the  still  greater  stimulation 
which  developes  later.  Since,  as  our  results  show,  the  blood  becomes 
more,  and  not  less  saturated  with  oxygen  as  the  anoxaemia  progresses, 
we  must  conclude  that  some  other  respiratory  stimulant  has  made  its 
appearance  and  the  question  arises  as  to  its  nature.  The  gradual 
development  of  the  hyperpnoea  during  the  anoxaemia  suggests  that 
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it  must  depend  on  the  appearance  by  incompletely  oxidised  acid 
substances  in  the  tissues  and  blood  and  that  these  stimulate  the 
respiratory  centre  by  raising  the  H-ion  concentration  of  the  blood.' 
To  test  this  hypothesis  it  will  be  necessary  to  make  very  careful 
measurement  of  the  H-ion  concentration  of  the  blood  at  various 
stages  in  anoxaemia. 

It  will  be  observed  that  it  is  only  about  in  one  half  of  the  animals 
that  increased  breathing  became  developed  during  the  later  stages  of 
anoxaemia,  and  that  in  the  others  (Group  I)  the  opposite  occurred, 
namely,  a  gradual  decline.  This  decline  in  breathing  was  associated 
with  a  decided  decrease  in  the  saturation  of  the  blood  with  oxygen 
and  we  believe  that  a  gradual  failure  of  the  respiratory  centre  is 
responsible  for  the  result.  It  is  significant  that  the  animals  of  this 
group  did  not  recover  from  the  anoxaemia,  after  being  allowed  to 
breathe  outside  air,  nearly  so  well  as  those  of  Group  II.  In  No.  49 
the  breathing  became  very  slow  and  the  blood  remained  unsaturated 
in  one  half  hour  after  the  anoxaemia;  in  No.  43  marked  Traube- 
Hering  waves  developed  on  the  blood  pressure  tracing  and  the  breath- 
ing became  markedly  periodic;  and  in  42  the  respirations  suddenly 
ceased  shortly  after  disconnecting  the  animal. 
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The  changes  which  can  be  brought  about  in  the  activity  of  the 
respiratory  center  in  laboratory  animals  by  various  forms  of  sensory 
stimulation  and  by  alterations  in  the  composition  of  the  blood  are  often 
decidedly  variable  and  this  is  the  case  not  only  for  animals  of  different 
species  but  also,  not  infrequently,  for  individuals  of  the  same  species. 
There  can  be  no  doubt  that  a  part  of  this  inconstancy  in  results  is 
dependent  on  the  fact  that  the  observations  have  usually  been  made  on 
animals  that  are  under  varying  degrees  of  anesthesia.  The  degree  of 
anesthesia  affects  the  respiratory  center  in  part  because  this  is  directly 
depressed  by  the  anesthetic  and,  in  part,  because  of  dulhng  of  the 
sensitivity  of  the  higher  (affective)  centers  which,  it  is  well  known, 
have  a  close  relationship  in  the  conscious  animal  with  changes  in  respira- 
tion. Thus,  in  a  conscious  animal  even  the  mildest  stimulation  of  the 
pain  receptors  is  usually  associated  with  a  decided  change  in  breathing, 
which  is  not  always  the  case  under  conditions  of  general  anesthesia. 

In  order  to  eliminate  the  errors  due  to  unequal  degrees  of  anesthesia 
we  have  chosen,  for  investigation  of  the  behavior  of  the  respiratory 
center,  animals  in  which  the  higher  centers  have  been  removed  by  sec- 
tion of  the  brain  stem  about  the  level  of  the  anterior  corpora  quadri- 
gemina.  In  certain  animals,  notably  the  cat,  this  operation  usually 
furnishes  a  preparation  in  which  the  breathing  proceeds  with  more  or 
less  regularity  for  many  hours  and,  if  the  decerebration  be  quickly 
performed  immediately  after  placing  the  animal  deeply  under  ether, 
every  trace  of  the  anesthetic  is  removed  from  the  blood  within  an  hour 
after  the  decerebration.  As  has  been  pointed  out  elsewhere  (1)  many 
cats  do  not  respire  normally  after  the  decerebration,  a  condition  of 
hyperpnea  becoming  gradually  developed  for  the  incidence  of  which  the 
exact  position  of  the  section  of  the  brain  stem  and  the  age  of  the  animal 
are  the  chief  determining  factors. 
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In  a  successful  decerebrate  preparation  the  chief  respiratory  center  is 
isolated  from  two  types  of  impulses  which  in  the  intact  animal  greatly 
influence  its  activity,  namely,  those  from  the  higher  (cerebral)  centers 
and  those  from  the  nasal  mucosa.  Although  this  partial  isolation  must 
be  borne  in  mind  in  the  interpretation  of  the  results  obtained  by  experi- 
mental alterations  in  the  activity  of  the  center,  many  of  these  are  of  so 
definite  and  constant  a  nature  that  they  must  be  considered  as  represent- 
ing conditions  which  come  into  play  in  the  intact  animal. 

The  observations  recorded  in  the  present  paper  have  been  made  on 
animals  (mainly  cats)  in  which  the  breathing  was  perfectly  regular  one 
hour  after  decerebration  by  Sherrington's  method.  To  prevent  fall  in 
body  temperature  the  preparations  were  kept  on  a  heated  table  with 
the  head  end  somewhat  raised  on  a  hot  water  bag.  The  rectal  tempera- 
ture was  frequently  observed  and  the  heating  suitably  adjusted  if  any 
changes  in  this  were  observed  to  occur. 

Several  related  problems  have  been  investigated  all  bearing  on  the 
general  question  of  the  excitabiHty  of  the  center  during  alterations  in 
the  composition  of  the  blood,  or  after  removal  of  the  afferent  impulses 
arriving  at  it  through  the  vagus  nerves.  The  results  are  grouped  under 
various  headings. 

The  effect  produced  on  breathing  by  section  of  the  vagus 
NERVES.  It  is  usually  stated  that  the  action  of  the  respiratory  center 
besides  becoming  very  slow  also  becomes  irregular  and  inadequate 
when  the  vagus  nerves  are  cut  in  animals  from  which  the  higher  centers 
have  been  removed  (2) .  We  have  found  this  to  be  the  case  in  decere- 
brate rabbits  but  not,  as  a  rule,  in  decerebrate  cats.  Decerebration  in 
animals  of  the  former  group  is  not  generally  so  successful  as  in  those 
of  the  latter  and  it  is  best  performed  by  means  of  a  blunt  hook  passed 
into  the  brain  case  through  a  trephine  hole.  Only  a  few  of  the  decere- 
brations  are  really  successful  in  the  sense  that  regular  and  efficient 
breathing  persists  after  the  operation,  but  when  it  does  so,  section  of 
both  vagi  invariably  causes  a  complete  breakdown  and  the  rabbit 
soon  dies  of  asphyxia.  In  some  rabbits  section  of  one  vagus  nerve  is 
sufficient  to  have  this  effect,  as  is  illustrated  in  the  tracing  of  figure  1.  In 
this  case  section  of  the  right  vagus  was  immediately  followed  by  a  pro- 
longed period  of  apnea  succeeded  by  very  slow  deep  respirations.  At 
the  points  indicated  on  the  tracing  small  amounts  of  an  approximately 
normal  solution  of  hydrochloric  acid  were  injected  intravenously  with 
the  result  that  the  breathing  became  deeper  without  any  change  in 
rhythm. 
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In  decerebrate  cats  section  of  one  vagus  does  not  usually  have  any 
effect  on  breathing  but  section  of  the  nerve  on  both  sides  causes  the 
rhythm  to  decHne  and  the  depth  to  become  greater.  In  the  experiment 
shown  in  figure  2,  the  upper  tracing  is  that  from  a  tambour  connected 
with  the  thorax  and  the  lower,  from  a  Gad-Krogh  spirometer  placed  in 
series  in  a  closed  system  of  wide-bore  tubing  furnished  with  valves  and 
soda-lime  absorbers  and  connected  with  the  trachea.  The  volume  of 
air  breathed  in  a  unit  of  time  is  therefore  determined  by  multiplying  the 
height  of  each  respiration  by  the  rate.     The  air  in  the  closed  system 


Fig.  1.  (Rabbit  4)  Cutting  of  vagus  nerve  on  right  side  in  decerebrated 
rabbit  caused  entire  break  down  of  respiratory  rhythm  (upper  tracing)  and  tem- 
porary fall  in  blood  pressure  (lower  tracing).  The  respirations  were  recorded  by 
a  balloon  placed  between  the  liver  and  diaphragm.  The  effect  of  injection  into 
the  peripheral  end  of  one  of  the  carotid  arteries  of  0.4  cc.  of  weak  HCL  in  0.9  NaCl 
is  also  shown.    Time  in  seconds. 


contained  excess  of  oxygen.  By  comparison  of  the  volume  of  air 
breathed  per  minute  it  will  be  observed  that  a  decrease  occurred  im- 
mediately after  vagotomy  as  in  the  experiment  shown,  where  it  decreased 
from  960  cc.  to  700  cc.  per  minute.  In  such  cases  pulmonary  ventila- 
tion is  adequately  performed  with  a  lesser  minute  volume  of  air  because 
each  breath  is  deeper  and  therefore  more  thoroughly  renews  the  air  in 
the  alveoli.  The  difference  in  minute  volume  is  however  not  much 
changed  as  a  rule  and  sometimes  it  may  even  be  slightly  increased  and 
it  is  interesting  that  when  progressively  greater  percentages  of  CO2  are 
inspired  it  increases  at  about  the  same  rate  before  as  after  vagotomy 
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(curve  I,  fig.  4).  There  were  no  signs  of  asphyxia  in  these  animals  after 
vagotomy^as  judged  from  the  behavior  of  the  blood  pressure,  the 
longevity  of  the  animal  and  the  arterial  character  of  the  blood — and 
the  oxygen  consumption  remains  normal — as  judged  from  the  slope  of 
the  descent  of  the  spirometer  curve. 

It  is  of  interest  to  compare  the  rate  of  breathing  before  and  after 
the  vagotomy,  as  is  done  in  the  following  table : 

Rate  of  breathing 


NUMBER 

BEFORE  VAGOTOMY 

AFTER  VAGOTOMY 

RATIO 

per  minute 

per  minute 

II 

46 

16 

2.87:1 

III  (fig.  3) 

41 

20 

2.05:1 

la 

42 

14 

3.00:1 

Ilia 

23 

11 

2.09:1 

The  fact  comes  to  light  that  there  is  often  a  simple  ratio  between  the 
rate  before  and  after  vagotomy.  What  this  may  mean  is  difficult  to 
say.  It  suggests  that  there  is  a  certain  fundamental  rhythm  of  the 
center  which  is  independent  of  afferent  vagal  impluses  and  in  the  de- 
cerebrate animal  at  least  is  influenced  mainly  by  the  temperature  of  the 
blood  and  perhaps  by  extreme  anoxemia  and  by  poisons.  It  will  be 
observed  that  this  rhythm  varied  between  11  and  20  in  our  experi- 
ments, these  differences  being  probably  partly  dependent  on  differences 
in  temperature  of  the  animal.  Although  this  was  observed  regularly 
so  as  to  indicate  what  degree  of  heat  we  should  turn  on  to  the  table, 
it  might  vary  by  1°C.  and  it  is  altogether  likely  that  the  temperature 
of  the  blood  in  the  medulla  would  vary  still  more.  This  fundamental 
rhythrti  is  accelerated  2  or  3  times  by  the  vagal  impulses  but  not  appar- 
ently, in  decerebrate  animals,  to  intermediate  degrees.  Of  course  such 
ratios  can  be  expected  only  when  there  has  been  no  stimulation,  of  the 
respirations — either  hormone  or  nervous — before  the  vagi  were  cut.  If 
this  operation  be  performed  during  C02-hyperpnea,  for  example,  then, 
as  shown  in  figure  3,  no  simple  ratio  is  likely  between  the  breathing 
immediately  before  and  after. 

It  should  be  added  that  section  of  the  vagi  sometimes  causes  complete 
breakdown  of  breathing  in  decerebrate  cats,  but  in  our  experience  this 
is  the  exception  rather  than  the  rule.  The  exact  position  of  the  cut 
across  the  brain  stem  is  the  most  important  factor  in  determining 
whether  or  not  vagotomy  will  cause  respiratory  failure.     In  our  experi- 
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ence,  if  the  anterior  corpora  quadrigemina  be  intact  respiratory  failure 
does  not  follow  vagotomy,  but  if  the  cut  involve  these  structures  to  any 
considerable  extent  it  is  likely  to  occur. 


Fig.  3.  (Cat  32)  Cutting  of  both  vagi  in  decerebrated  cat  caused  the  respira- 
tions to  become  slower  but  not  irregular.  At  the  time  when  the  nerves  were  cut 
the  animal  was  respiring  in  a  closed  system  so  that  the  percentage  of  COj  in  the 
alveolar  air  was  steadily  rising,  as  indicated  by  the  figures.  Upper  tracing,  tam- 
bour; middle  tracing,  spirometer;  lower  tracing,  arterial  blood  pressure.  Time 
in  seconds. 

The  relationship  between  the  hormone  and  nervous  control 
OF  THE  RESPIRATORY  CENTER.  Current  opinion  is  decidedly  vague  as  to 
the  precise  relationship  existing  between  hormone  and  afferent  stimula- 
tion of  the  respiratory  center.     According  to  the  usually  accepted  view 
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the  rhjiihmic  discharges  of  the  center  are  regulated  to  a  rate  and  depth 
that  is  adequate  for  efficient  respiration,  partly  by  the  action  of  the  respi- 
ratory hormones  affecting  the  depth  and  partly  by  certain  afferent  stimuli 
(affecting  mainly  the  rate)  arriving  at  it  principally  by  way  of  the 
vagus  nerves.  Afferent  stimuli  from  other  sources,  and  cerebral  im- 
pulses, only  occasionally  act  on  the  center,  either  exciting  or  inhibiting 
its  rhythm  temporarily.  The  question  therefore  arises  as  to  whether 
maintained  changes  in  either  the  nervous  or  the  hormone  stimulus  may 
alter  the  excitability  of  the  center  toward  occasional  changes  of  the 
other  form  of  stimulus, 

a.  The  effect  of  vagotomy  on  the  excitahility  of  the  center  toward  hor- 
mones. To  determine  whether  the  excitability  of  the  center  toward  hor- 
mone stimulation  becomes  altered  when  it  is  ahnost  entirely  isolated 
from  afferent  stimuli,  we  have  measured  the  effects  produced  on  the 
minute  volume  of  air  breathed  when  the  percentage  of  carbon  dioxide 
in  the  inspired  air  is  increased  in  decerebrate  cats  (by  the  same  tech- 
nique as  that  used  by  R.  W.  Scott  (3),  before  and  after  vagotomy.  The 
results  of  one  of  several  experiments,  all  yielding  corresponding  results, 
are  shown  in  the  accompanying  curves  (fig.  4)  in  which  the  figures  on 
the  abscissa  give  the  percentages  of  COo  in  the  inspired  air,  and  those 
on  the  ordinates  the  number  of  cubic  centimeters  of  air  breathed  per 
minute.  The  thick  continuous  line  is  drawn  from  the  results  obtained 
before  vagotomy  and  the  thick  broken  line  from  those  after  vagotomj^ 
in  the  same  cat.  The  number  of  respirations  is  also  depicted  in  the 
curves  drawn  in  thin  lines.  It  will  be  seen  that  there  is  a  very  close 
correspondence  in  the  results  of  the  two  experiments.  In  no.  I  the 
initial  respiratory  volume  is  somewhat  greater  after  decerebration  than 
before  (about  40  cc.)  but  by  the  time  2.5  per  cent  of  carbon  dioxide  was 
being  inspired  the  volumes  have  come  to  be  the  same.  The  rate  of 
breathing  (thin  dotted  Hne)  increases  along  with  the  minute  volume 
before  vagotomy  but  remains  unchanged  after  this  operation  until  higher 
percentages  of  CO2  are  being  inspired,  when  it  may  decline.  During 
both  experiments  the  rate  of  increase  of  breathing  for  different  percent- 
ages of  CO2  is  somewhat  greater  than  the  average  given  by  R.  W.  Scott 
probably  because  a  smaller  volume  of  air  was  contained  in  the  rebreath- 
ing  system  of  tubing.  This  air  was  mixed  with  a  large  excess  of  oxygen, 
there  being  always  well  over  20  per  cent  of  this  gas  present  at  the  end  of 
each  observation.  The  paralleUsm  in  the  curves  persists  until  about  4 
per  cent  of  CO2  was  being  breathed  when  the  curve  after  vagotomy 
becomes  less  steep  and  at  about  5  per  cent  actually  begins  to  decUne. 
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This  failure  of  the  respitatory  response  at  higher  percentages  of  CO2  has 
not  been  invariably  observed  in  other  experiments  of  the  same  type. 
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Fig.  4.  Curves  showing  the  relationship  between  breathing  and  progressively 
increased  percentage  of  CO2  in  inspired  air  before  and  after  vagotomy  in  decere- 
brate cats.  Thick  continuous  and  broken  lines  represent  the  minute  volume  of 
respired  air,  thin  lines  the  rate  of  breathing  per  minute. 

Thus  it  did  not  occur  in  the  second  series  of  curves  shown  in  figure  4. 
When  it  occurs  it  is  accompanied  by  a  slowing  of  the  breathing  and  it 
indicates  that  the  limit  of  hyperpnea  has  been  reached.     This  limit 
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might  be  determined  either  by  the  extent  of  expansion  and  collapse  of  the 
thorax  or  by  exhaustion  of  the  respiratory  center.  Examination  of 
tracing  of  the  respiratory  movements  does  not  throw  light  on  this 
question  because,  being  accelerated  as  well  as  deepened,  each  respiratory- 
movement  before  vagotomy  is  of  course  much  less  than  after  it.  The 
actual  slowing  of  breathing  that  often  supervenes  at  high  CO2  percent- 
ages after  vagotomy  leads  us  to  believe  that  the  breakdown  is  due  in 
the  first  instance  to  the  limit  of  increased  ventilation  having  been 
reached  so  that  CO2  is  less  well  got  rid  of  in  the  lungs  and  by  accumu- 
lating in  the  blood  more  rapidly  than  would  be  the  case  with  freer 
breathing,  develops  a  toxic  anesthetic  effect  on  the  respiratory  center. 

The  conclusion  which  we  draw  from  the  experiments  is  that  section 
of  the  vagi  in  decerebrate  cats  does  not  alter  the  excitability  of  the 
respiratory  center  toward  the  chief  respiratory  hormone  (C02-tension) 
at  least  until  the  stimulus  becomes  excessive.  The  breakdown  under 
the  latter  conditions  is  due  to  the  failure  of  the  respirations  to  accelerate. 

These  observations  confirm  those  of  F.  H.  Scott  (4)  made  on  anesthe- 
tised  rabbits. 

b.  The  effect  of  alterations  in  the  respiratory  hormones  on  the  reflex 
excitability  of  the  center.  In  the  following  experiments  the  response  of 
the  respiratory  center  toward  afferent  nerve  stimulation  after  intrave- 
nous injections  of  acid  or  alkali,  or  during  breathing  air  that  was  rich 
in  CO2  or  deficient  in  oxygen,  was  investigated.  The  central  end  of  the 
sciatic  or  vagus  nerve,  placed  in  Sherrington's  electrodes,  was  stimulated 
with  the  Faradic  current  and,  the  strength  of  stimulus  just  necessary 
to  produce  a  distinct  and  constant  response  having  been  ascertained, 
the  hormone  stimulus  was  caused  to  vary,  by  the  methods  just  men- 
tioned, and  the  electrical  stimulus  again  applied. 

1.  The  effect  of  injections  of  sodium  carbonate  solution.  It  has  already 
been  pointed  out  that  the  respiratory  effects  which  follow  such  injections 
are  much  less  pronounced  than  was  formerly  believed  to  be  the  case  (3). 
Only  when  comparatively  strong  solutions  of  this  alkali  are  injected 
rapidly  is  there  any  decided  diminution  of  breathing  and  R.  W.  Scott 
has  shown  that  enough  may  be  injected  slowly  to  raise  pH  of  the  blood 
to  7.7  or  7.8  without  much  diminution  in  the  minute  volume  of  air 
breathed. 

In  figure  5  are  shown  the  effects  of  stimulation  of  the  sciatic  nerve 
before  and  after  the  injection,  during  a  period  of  8  minutes,  of  10  cc. 
of  a  4  per  cent  solution  of  sodium  carbonate  in  gum  saline.  According 
to  Scott's  results  this  should  cause  the  blood  to  become  decidedly  alka- 
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line  (3).  With  the  secondary  coil  at  26  cm.  before  the  injection  the 
respirations  were  slowed,  expiration  being  deepened,  and  there  was  a 
slight  pressor  effect  on  blood  pressure.  Immediately  after  the  injection 
the  results  were  as  nearly  as  possible  the  same,  being,  if  anything, 
slightly  more  pronounced.  This  experiment  has  been  repeated  several 
times  and  we  could  never  convince  ourselves  that  the  alkaline  injections 
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Fig.  5.  (Cat  21,  2.5  kgm.)  Tlie  effect  of  stimulation  of  the  central  end  of  the 
sciatic  nerve  before  and  after  the  injection  of  gum  saline  containing  4  per  cent 
sodium  carbonate.  There  is  no  evidence  of  depression  in  the  excitability  of  the 
center  although  pH  was  presumably  raised.    Time  in  seconds. 

had  any  constant  effect  one  way  or  the  other  on  the  excitability  of  the 
center  to  nerve  stimulation. 

S.  The  effect  of  injections  of  acid  solutions.  These  are  shown  in  figure 
6.  With  the  secondary  coil  at  26  cm.  inspiration  was  slightly  excited 
and  the  blood  pressure  decidedly  increased,  and  these  results  were  not 
perceptibly  altered  immediately  after  the  injections  of  as  large  amounta 
of  a  solution  of  lactic  acid  as  the  heart  would  tolerate.     Even  after 
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repeated  injections  of  the  acid  solution,  which  were  made  in  the  interval 
elapsing  between  the  two  parts  of  the  tracing,  no  increased  excitability 
of  the  respiratory  center  could  be  demonstrated  as  is  evident  from  the 
later  part  of  the  tracing. 

3.  The  effect  of  breathing  atmospheres  rich  in  carbon  dioxide.  The 
objection  may  be  raised  to  the  above  described  experiments  with  acid 
on  the  gound  that  their  effects  on  the  H-ion  concentration  of  the  blood 
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Fig.  6.  (Cat  21,  2.5  kgm.)  Stimulation  of  central  end  of  sciatic  nerve  before 
and  immediately  after  the  injection  of  N  lactic  acid  in  as  large  amounts  as  the 
animal  would  tolerate.     Time  in  seconds. 

supplying  the  respiratory  center  had  passed  off  before  the  second 
series  of  afferent  stimuli  was  applied.  It  became  necessary  to  supply 
the  acid  continuously,  but  since  we  have  found  that  continuous  injections 
bf  Solutions  of  mineral  acids  are  very  liable  to  cause  a  sudden  breakdown  of 
the  respiratory  mechanism,  at  least  in  decereh^ate  cats,  we  decided  to 
bring  about  the  desired  increase  in  the  hormone  stimulus  by  causing 
the  animals  to  breathe  atmospheres  containing  sufficiently  high  percent- 
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ages  of  CO2  definitely  to  excite  the  respirations.  The  effect  of  afferent 
nerve  stimulation  was  then  observed  immediately  before  and  during 
the  hyperpnea. 

The  results  of  such  an  experiment  are  shown  in  figure  7.  In  this  case 
the  middle  tracing  (spirometer)  was  taken  with  a  clamp  applied  to  the 
outlet  tube  of  the  spirometer  with  a  pressure  which  was  suflScient  to 
make  the  rate  of  filling  and  of  emptying  just  balance  for  ordinary  breath- 
ing. The  very  slightest  increase  or  decrease  in  the  minute  volume  is 
therefore  indicated  by  a  rise  or  fall  in  the  level  of  the  spirometer  tracing. 
It  will  be  observed  that  stimulation  of  the  central  end  of  one  vagus  nerve 
with  the  secondary  coil  at  45  cm.  caused  a  slight  increase  in  the  minute 
volume  which  was  practically  the  same  during  a  prolonged  state  of 
hyperpnea  produced  by  respiring  C02-rich  air  as  it  was  in  the  preceding 
and  following  periods.  During  one  of  the  periods  of  stimulation 
(marked  *  on  tracing)  the  administration  of  CO2  caused  a  slightly 
greater  response  than  the  usual  but  this  is  the  only  instance  in  a  consid- 
erable number  of  experiments  in  which  such  an  effect  has  been  observed. 

Similar  conclusions  can  be  drawn  from  the  tracing  shown  in  figure  8 
in  the  experiment  of  which  the  outlet  tube  of  the  spirometer  was  com- 
pletely clamped  at  intervals  so  that  its  rate  of  filling  might  be  deter- 
mined. Unfortunately  the  capacity  of  the  spirometer  between  the 
two  lines  is  not  exactly  known  for  this  experiment  but  this  does  not 
really  matter  for  purposes  of  comparison,  the  rate  of  filling  being  pro- 
portional to  the  distances  between  the  vertical  lines.  With  the  coil 
at  40  cm.  stimulation  of  the  central  end  of  the  sciatic  nerve  caused  a 
marked  rise  in  blood  pressure  and  changed  the  rate  of  filling  of  the 
spirometer  on  an  average  from  17  seconds  to  10  seconds  and  later  from 
15  seconds  to  12  seconds,  while  the  animal  was  breathing  outside  air. 
During  the  hyperpnea  caused  by  breathing  a  C02-rich  atmosphere  the 
same  strength  of  stimulus  produced  less  effect  on  the  blood  pressure, 
the  rate  of  fiUing  of  the  spirometer  being  changed  on  an  average  from 
14  seconds  to  11  seconds  and  later,  from  15  seconds  to  12  seconds. 
There  is  in  these  results  no  evidence  that  the  excitability  of  the  center 
has  been  altered  by  carbon  dioxide. 

Although  we  have  been  unable  to  confirm  Cohen  (5),  who  performed 
similar  experiments,  we  are  prepared  to  admit  that  the  problem  de- 
mands still  further  investigation.  Inasmuch  as  it  has  been  shown, 
especially  by  Collip  (6),  that  respiratory  excitement  may  result  from 
intravenous  injection  of  bicarbonate  solutions  and  in  light  of  the 
ol)Pervations  of  Jacobs  (7)  on  the  cause  for  the  greater  exciting  effect 
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of  CO2  tension  than  would  correspond  to  its  effect  on  the  CH  of  the 
blood,  we  propose  to  repeat  this  part  of  the  investigation  under  more 
strictly  controlled  conditions  of  afferent  nerve  stimulation. 

If..  The  effect  of  anoxemia.  From  the  tracing  shown  in  figure  9  it  will  be 
seen  that  the  effect  of  stimulation  of  the  central  end  of  the  vagus  nerve 


TamtoiL-r 


fc?rtiii#ii*fWi 


}immmr'^^^^^^ 


Fig.  9.  (Cat  14)  Stimulation  of  central  end  of  vagus  before  and  during  breath- 
ing into  an  atmosphere  very  deficient  in  O2.    Time  in  seconds. 


was  the  same  when  the  animal  was  breathing  in  an  atmosphere  containing 
about  10  per  cent  O2  as  in  outside  air.  The  spirometer  tracing  was 
taken  by  the  same  method  as  in  experiment  7.  This  observation  has 
been  repeated  at  various  stages  of  anoxemia  and  always  with  the  same 
result,  i.e.,  at  no  stage  in  anoxemia  can  it  be  shown  that  the  respiratory 
center  is  hyperexci table  to  afferent  nerve  stimulation. 
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The  INFLUENCE  OF  SECTION  OF  THE  VAGUS  NERVE  ON  THE  GRADUAL 
INCREASE  IN  BREATHING  WHICH  SUPERVENES  SHORTLY  AFTER   CAUSING 

AN  ANIMAL  TO  BREATHE  INTO  A  CLOSED  SYSTEM  OF  TUBES.  The  Occur- 
rence of  this  form  of  hyperpnea  has  been  noted  in  a  previous  communi- 
cation (4)  where  also  it  is  shown  that  deficiency  of  oxygen  cannot  be 
its  cause.  The  sHght  resistance  that  is  offered  to  the  movement  of  air 
due  to  friction  in  the  tubing,  by  raising  the  intrapuhnonary  pressure, 
was  considered  to  be  the  cause  of  the  hyperpnea  although  a  similar 
increase  of  breathing  could  not  be  induced  by  weighting  the  spirometer. 
The  only  other  possible  explanation  of  the  phenomenon  is  that  the 
tension  of  CO2  in  the  alveolar  air  becomes  raised  by  breathing  in  the 
closed  system  (even  although  this  contains  CO2  absorbers)  and,  con- 
sequently, the  CO2  tension  in  the  blood.  The  more  or  less  gradual 
onset  of  the  hyperpnea  would  lend  support  to  this  view.  As  a  matter 
of  fact,  however,  the  percentage  of  CO2  in  the  alveolar  air  is  decidedly 
decreased  during  the  hyperpnea  and  R.Q.  is  raised  (cf.  4).  Nor  can 
prolongation  of  the  dead  space  be  held  accountable  for  the  phenomenon. 
If  reflex  stimulation  of  the  respiratory  center  be  the  cause,  it  is  pre- 
sumably through  the  vagus  nerves  that  the  aiferent  impulses  would  pass. 
It  is  therefore  of  interest  to  observe  the  influence  of  section  of  the  vagus 
nerves  on  the  phenomenon.  The  results  of  such  an  observation  are 
shown  in  figure  2.  Before  section  of  the  nerves  both  the  rate  and  the 
depth  of  breathing  increased  gradually  after  connecting  the  trachea  with 
the  closed  system  whereas  after  the  section  only  the  depth  increased. 
In  two  minutes  the  minute  volume  of  respired  air  increased  from  585 
cc.  to  1420  cc.  with  intact  nerves  and  from  375  cc.  to  750  cc.  when  these 
were  cut.  This  result  shows  that  a  reflex  through  the  vagus  nerves 
cannot  be  responsible  and  we  are  driven  to  conclude  either  that 
afferent  pathways  from  the  respiratory  muscles  must  be  concerned  or 
that  some  at  present  inexplicable  change  in  the  hormone  stimulus  is 
the  cause  of  the  hyperpnea. 

CONCLUSIONS 

After  section  of  the  vagus  nerve  in  decerebrate  cats,  the  breathing 
usually  declines  somewhat  in  minute  volume  and  the  rate  diminishes, 
often  in  some  simple  ratio  to  the  normal  rate.  Similar  section  in 
decerebrate  rabbits  causes  complete  breakdown  of  the  respiratory 
function.  Increasing  the  percentage  of  carbon  dioxide  in  the  inspired 
air  has  almost  exactly  the  same  stimulating  effect  on  respirations  before 
and  after  section  of  the  vagi,  the  only  difference  being  that  with  high 
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percentages  of  CO2,  the  respirations  after  section  of  the  vagi  become 
slower  and  the  minute  volume  ceases  to  increase  and  may  decline. 

The  excitability  of  the  respiratory  center  to  afferent  nerve  stimulation 
(sciatic  and  vagus)  is  not  definitely  increased  after  the  intravenous 
injection  of  fixed  acid  or  during  the  hyperpnea  induced  by  respiring 
atmospheres  rich  in  carbon  dioxide  or  atmospheres  poor  in  oxygen. 

Conversely  it  is  not  decreased  after  the  injection  of  sufficient  amounts 
of  sodium  carbonate  to  lower  the  H-ion  concentration  of  the  blood. 

These  results  show  that  the  reflex  excitabiHty  of  the  respiratory  cen- 
ter is  not  altered  by  changes  in  the  respiratory  hormone  (CH  and  CO2- 
tension)  of  the  arterial  blood. 

The  gradual  increase  in  breathing,  which  occurs  immediately  after 
connecting  the  trachea  with  a  closed  system  of  wide  bore  tubes,  still 
occurs  after  section  of  the  vagi. 
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PANCREATIC  EXTRACTS  IN  THE  TREATMENT  OF  DIABETES 

MELLITUS 

Preliminary  Report  By  F.  G.  Banting  and  C.  H.  Best,  Dept.  of  Physiology 
J.  B.  CoLLiP,  Dept.  of  Path.  Chemistry 
W.  R.  Campbell  and  A.  A.  Fletcher,  Dept.  of  Medicine,  University  of  Toronto,  atul 

Toronto  General  Hospital 


CINCE  the  year  1889,  when  von  Mering  and 
^  Minkowski  (1)  produced  severe  and  fatal 
diabetes  by  total  removal  of  the  pancreas  in 
dogs,  many  investigators  have  endeavoured  to 
obtain  some  beneficial  effect  in  diabetes  mellitus, 
either  by  feeding  pancreas,  or  by  administration 
of  pancreatic  extracts. 

Minkowski,  Sandmeyer  (2),  Pfluger  (3)  and 
others  found  that  feeding  pancreas  was  followed 
by  negative  or  even  harmful  results.  More  re- 
cently, Murlin  (4),  Kleiner  (5)  and  Paulesco  (6) 
have  tried  the  effects  of  aqueous  extracts  of  the 
pancreas  intravenously,  on  depancreatized  ani- 
mals and  have  found  transitory  reduction  in  the 
percentage  of  blood  sugar  and  in  the  sugar  ex- 
creted in  the  urine. 

In  1907,  Rennie  and  Fraser  (7),  recognizing 
the  possibility  that  pancreatic  enzymes  might 
have  harmful  effects  on  the  internal  secretions, 
secured  islet  tissue  from  teleosteal  fishes,  where 
it  exists  separately  from  the  rest  of  the  pancreas, 
and  fed  it  to  human  diabetics.  Their  studies 
demonstrated  no  beneficial  influence  on  the  con- 
dition of  the  patient.  E.  L.  Scott  (8)  in  1912 
sought  to  eUminate  the  influence  of  proteolytic 
enzj^mes  by  using  alcoholic  extracts  of  the  pan- 
creas. He  did  not  find,  however,  that  such  ex- 
tracts caused  as  marked  a  reduction  in  the  uri- 
nary sugar  or  in  the  G-N.  ratio  as  when  extracts 
were  made  with  acidulated  water.  The  whole 
question  has  been  reviewed  recently  by  Allen: 
(9),  by  him,  and,  indeed,  by  the  ma- 
jority of  recent  writers,  it  is  usually  stated  that 
pancreatic  extracts  have  no  clinical  value  what- 
soever. During  the  past  ten  months,  two  of  us 
(F,  G.  B.  and  C.  H,  B.),  working  in  the  Depart- 
ment of  Physiology  of  the  University  of  Toronto, 
have  reinvestigated  the  problem.  Certain  of  the 
results  obtained  have  already  been  published, 
(lO)  others  are  now  in  press.  These  may  be 
briefly  reviewed  here. 


Believing   that  extracts   of   the   pancreas,   as 
usually  prepared,  did  not  satisfactorily  demon- 
strate the  presence  of  an  internal  secretion  act- 
ing  on    carbohydrate   metabolism,    because   the 
active  principle  was  destroyed  by  the  digestive 
enzymes  also  present  in  such  extracts,  attempts 
were  made  to  eliminate  these  enzymes.     In  the 
first  experiments,  this  was  done  by  taking  ad- 
vantage of  the  fact  that  the  acinous  tissue  (from 
which  the  digestive  enzymes  are  derived)   but 
not    the    insular    tissue    of    the     pancreas    de- 
generates   in    seven  to  ten  weeks  after  ligation 
of  the  pancreatic  ducts.     Extracts  were  therefore 
made  with  ice-cold  Ringer's  solution,  of  degenerat- 
ed pancreatic  tissue  removed  ten  weeks  after  the 
Hgation  of  the  ducts.     The  extract  obtained  by 
this  procedure,  when  injected  intravenously  or 
subcutaneously    into    diabetic    dogs,    invariably 
caused  a  marked  reduction  in  blood  sugar  and 
in  the  amount  of  sugar  excreted  in  the  urine. 
It  also  enabled  a  diabetic  dog  to  retain  a  much 
higher  percentage  of  injected  sugar  than  it  other- 
wise  would.     Extracts  of   Uver  or  spleen,   pre- 
pared in   the  same  manner  as  the  extracts  of 
degenerated  pancreas,  were  found  to  have  neither 
of  these  effects.     The  active  principle  of  the  ex- 
tract of  degenerated  pancreas  was  destroyed  by 
boiling  in  neutral  or  acid  solution  or  by  incubat- 
ing for  two  hours  at  body  temperature  with  pan- 
creatic juice. 

In  later  experiments,  it  was  fouiul  that  the 
pancreas  of  foetal  calves  of  under  five  months 
development  did  not  contain  proteolytic  en- 
zymes, thus  confirming  the  observations  of  Ib- 
rahim (11).  By  extracting  .such  foetal  paiu-reatic 
tissue,  a  highly  potent  and  readily  pnnurable 
preparation  was  obtained.  Besides  affording  a 
much  more  practicable  method  for  securing  larg- 
er (luantitics  of  extracts,  this  result  demonstrated 
that  the  active  principle  is  essentially  the  same 
from  whatever  animal  it  is  prepared.     A  method 
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was  finaUy  evolved  by  which  an  active  extract, 
which  would  retain  its  potency  for  at  least  one 
month,  could  be  obtained  from  normal  adult 
ox  pancreas.  Daily  injections  of  pancreatic  ex- 
tract (foetal  calf  or  adult  beef  pancreas)  pro- 
longed life  of  a  completely  diabetic  dog  to  seventy 
days,  at  the  end  of  which  time  the  animal  was 
chloroformed.  Allen  states  that  in  his  experi- 
ence completely  diabetic  dogs  do  not  live  more 
than  fourteen  days.  The  first  results  of  a  study 
of  the  respiratory  exchange  in  completely  dia- 
betic ■  dogs,  before  and  after  administration  of 
extract,  showed  that  the  extract  confers  on  the 
diabetic  animal  the  power  to  burn  carbohydrates. 
Thus,  in  a  diabetic  dog,  on  starvation  or  lean 
meat  diet,  the  respiratory  quotient  was  found 
to  be  in  the  neighborhood  of  0.7.  The  ingestion 
of  carbohydrate  caused  no  rise  in  the  ^  ratio, 
but  when  preceded  by  an  injection  of  extract 
gave  a  value  which  approached  I.O.,  indicat- 
ing that  carbohydrate  was  being  burned.  Be- 
sides the  above,  it  should  be  recorded  that  the 
administration  of  extract  very  quickly  caused 
striking  improvement  in  the  various  symptoms 
known  to  be  characteristic  of  complete  pan- 
createctomy. 

As  the  results  obtained  by  Banting  and  Best 
led  us  to  expect  that  potent  extracts,  suitable, 
for  administration  to  the  human  diabetic  sub- 
ject, could  be  prepared,  one  of  us  (J.  B.  C.)  took 
up  the  problem  of  the  isolation  of  the  active  prin- 
ciple of  the  gland.  As  a  result  of  this  latter  in- 
vestigation, an  extract  has  been  prepared  from 
the  whole  gland,  which  is  sterile  and  highly  po- 
tent, and  which  can  be  administered  subcutane- 
ously  to  the  human  subject.  The  preparation  of 
such  an  extract  made  possible  at  once  the  study 
of  its  effects  upon  the  human  diabetic,  the  pre- 
liminary results  of  wliich  study  are  herein  re- 
ported. The  extract  containing  the  active  prin- 
ciple is  being  further  purified  and  concentrated. 
A  detailed  report  of  the  method  of  extraction, 
purification  and  concentration  will  be  published 
at  an  early  date. 

For  the  investigation  of  the  clinical  applica- 
tion of  these  extracts  in  the  treatment  of  human 
diabetes.  Professor  Graham  has  placed  at  the 
disposal  of  two  of  us  (W.  R.  C.  and  A.  A.  F.) 
the  cases  of  diabetes  mellitus  in  the  wards  of  the 
Medical  Service  of  the  Toronto  General  Hos- 
pital. 

Patients  were  placed  on  a  constant  diet,  vary- 
ing with  the  severity  of  each  individual  case, 
and  their  reaction  to  such  treatment  studied  for 


a  period  of  a  week,  after  which  various  samples 
of  extract  were  administered  and  the  effects  ob- 
served. The  ordinary  routine  clinical  examina- 
tions were  carried  through.  Blood  sugar  was 
estimated  at  intervals  by  the  revised  Fohn-Wu 
method,  urinaiy  sugar  by  Benedict's  methods, 
the  acetone  bodies  by  Van  Slyke's  methods, 
and  the  respiratory  quotient  by  the  Tissot-Hal- 
dane  and  Douglas-Haldane  methods. 

Up  to  the  present  time,  February  22nd,  1922, 
the  effects  of  these  preparations  have  been  ob- 
served in  seven  cases  of  diabetes  mellitus  and  it  is 
now  evident  that  certain  definite  results  can  be 
obtained  by  their  administration.  The  effects 
observed  in  depancreatized  animals  have  been 
paralleled  in  man.  The  fall  in  blood  sugar  occurs 
and  in  two  cases,  repeatedly  examined,  a  rise  in 
the  respiratory  quotient,  indicating  carbohy- 
drate utilization,  occurs  more  or  less  coincidently 
with  the  attainment  of  a  normal  blood  sugar 
level.  Patients  report  a  complete  relief  from  the 
subjective  symptoms  of  the  disease.  The  sugar 
excretion  shows  marked  decrease  or,  if  dosage  be 
adequate,  disappears.  Ketonuria  is  abolished, 
thus  confirming  a  similar  observation  by  Col- 
lip  in  diabetic  animals,  (results  as  yet  unpub- 
lished). These  results  taken  together  have  been 
such  as  to  leave  no  doubt  that  in  these  extracts 
we  have  a  therapeutic  measure  of  unquestionable 
value  in  the  treatment  of  certain  phases  of  the 
disease  in  man.  In  agreement  with  observations 
of  other  investigators  on  laboratory  animals,  it 
has  been  found  that  without  careful  control  se- 
vere toxic  reactions  may  be  encountered  and  this 
will  undoubtedly  be  a  factor  in  the  evaluation 
of  the  ultimate  therapeutic  utihty  of  the  method. 

The  following  case  report  illustrates  these  ob- 
servations : 

Name.—L.  T.  (Boy),  Aged-U 

Admitted  to  the  Medical  Wards,  Toronto  Gen- 
eral Hospital,  December  2nd,  1921. 

Present  Illness. — About  December  1919,  he 
was  taken  to  his  family  physician  because  he 
had  been  wetting  the  bed  at  nights,  and  also  be- 
cause his  ankles  became  swollen  occasionally. 
One  month  later,  sugar  was  found  in  the  urine. 
He  states  that  at  this  time  he  was  in  good  health, 
Ms  appetite  was  somewhat  excessive,  but  no  in- 
creased thirst  was  complained  of.  Careful  die- 
tetic regulation  was  prescribed  and  he  states  that 
he  adhered  to  this  diet  fairly  well.  This  his 
family  physician  will  not  confirm.  Fasting  was 
also  tiled  apparently  without  success.  The  gly- 
cosuria persisted,  he  began  to  lose  weight,  fre- 
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Chart  I. — E^ed  of  extract  on  glycosuria 
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Chart  II. — Showing  the  cessation  of  ketonuria  foUoui 
administration  of  extract 
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Chart  III. — Effect  of  one    injection    of  extract  on   Blood 
Sugar  (mgs.  per  c.c.e=tenth  per  cent) 


THE  CANADIAN  MEDICAL  ASSOCIATION  JOURNAL 


quency  of  micturition,  both  day  and  night,  in- 
creased up  to  the  tune  when  his  physician  recom- 
mended admission  to  hospital. 

Past  Illness. — Always  healthy  up  until  two  and 
one  half  years  ago,  with  the  exception  of  an  at- 
tack of  chicken-pox  at  the  age  of  ten  and,  of 
discharging  ear  for  two  years  as  a  baby. 

Personal  History. — Born  in  Canada,  went  regu- 
larly to  school,  able  to  work  well  up  to  time  of 
onset  of  present  illness.  Has  always  been  fond 
of  sweet  food  and  previous  to  the  onset  of  this 
condition  ate  freely  of  candy. 

Family  History. — Mother  and  father,  one  bro- 
ther and  two  sisters,  all  in  good  health.  No  dia- 
betes or  other  familial  diseases  known. 

Examination. — On  admission  he  was  poorly 
nourished,  pale,  weight  65  pounds,  hair  falling 
out,  odour  of  acetone  on  the  breath,  tonsils  and 
teeth  in  good  condition,  abdomen  large  and 
tympanitic.  Blood  pressure  100-70.  He  ap- 
peared dull,  talked  rather  slowly,  quite  willing 
to  lie  about  all  day.  Hands  show  marked  xan- 
thochromia. No  findings  of  note  in  examina- 
tion of  cardio-vascular,  respiratory,  abdominal 
systems  or  of  the  blood.  The  urine  at  the  time 
of  admission  was  strongly  acid,  specific  gravity 
10.30  to  10.40.  The  test  for  sugar  strongly 
positive.  Rothera  and  ferric  chloride  tests  for 
ketones  strongly  positive.  24  hours  amount  of 
urine,  3-5  litres.    Blood  sugar  5.8  mg.  per  c.c. 

Treatment. — He  was  put  to  bed  and  was  quite 
content  to  remain  there  most  of  the  time.  How- 
ever, when  he  wished  to  do  so,  he  was  allowed  to 
get  up  and  wander  about  the  ward,  which  he  did 
very  little  during  the  first  month.  His  diet  was 
as  follows: — 

Dec.  2nd. — 5,  10  and  15%  vegetables  as  much 
as  desired. 

Dec.  11th. — 60  grams  lean  meat  daily  added 
to  diet. 

Dec.  15th. — 4  bran  cakes  daily  added  to  diet. 

Jan.  4th. — Daily  ration  to  consist  of  50  grams 
lean  meat,  5  and  10%  vegetables,  and  fruits  and 
bran  cakes  to  make  up  exactly  100  grams  of  car- 
bohydrates per  day.  Clear  broth,  cocoa,  t^a  and 
coffee  in  moderation.  Total  intake  about  450 
calories. 

No  further  change  in  diet  was  made. 

This  case  was  one  of  severe  juvenile  diabetes 
with  ketosis.  Previous  to  admission,  he  had  been 
starved  without  evident  benefit.  During  the 
first  month  of  his  stay  in  hospital,  careful  dietetic 
regulation  failed  to  influence  the  course  of  the 
disease  and  by  January  11th  his  clinical  condi- 


tion made  it  evident  that  he  was  becoming  de- 
finitely worse. 

The  extracts  given  on  January  11th  were  not 
as  concentrated  as  those  used  at  a  later  date, 
and,  other  than  a  slightly  lowered  sugar  excre- 
tion and  a  25%  fall  in  the  blood  sugar  level,  no 
clinical  benefit  was  evidenced. 

Daily  injections  of  the  extract  were  made  from 
January  23rd  to  February  4th  (excepting  January 
25th  and  26th).  This  resulted  in  immediate  im- 
provement. The  excretion  of  sugar  as  shown  in 
Chart  I  became  much  less.  On  days  of  treat- 
ment, this  varied  from  7 . 5  gms.  to  45 . 1  gms. 
compared  with  a  previous  amount  well  over  100 
gms.  daily.  The  acetone  bodies  disappeared 
from  the  urine.  The  boy  became  brighter,  more 
active,  looked  better  and  said  he  felt  stronger. 
No  extract  was  given  from  February  5th  to  Feb- 
ruary 15th.  During  this  time  sugar  again  ap- 
peared in  the  urine  in  large  amounts  along  with 
traces  of  acetone.  Administration  of  extract  in 
smaller  doses  after  February  16th  again  resulted 
in  lowered  sugar  excretion  and  disappearance  of 
acetone  from  the  urine.  Chart  II  shows  the  fall 
in  the  total  acetone  bodies  of  the  urine  during  the 
periods  of  treatment  after  January  23rd.  Chart 
III  gives  a  four  hour  record  of  the  blood  sugar 
following  the  administration  of  a  single  dose  of 
6  c.c.  extract  on  February  17th.  Chart  IV  shows 
the  influence  of  extract  on  the  amount  of  glucose 
excreted  in  each  two  hourly  period  when  extract 
was  being  used.  Table  I  records  the  volume  of 
urine  and  amount  of  sugar  excreted  each  day  and 
blood  sugar  determinations.  The  qualitative 
test  for  the  daily  excretion  of  acetone  bodies  in 
the  urine  and  the  amount  of  extract  given  is  also 
tabulated. 

Although  the  other  six  patients  treated  by 
these  extracts  were  all  favourably  influenced  by 
its  administration,  particular  reference  might  be 
made  to  one — a  severe  case  who  had  been  ex- 
creting 20  gms.  of  glucose  on  a  diet  containing 
10  gms.  carbohydrate  and  24  hundred  calories 
per  day.  Following  injection  of  the  extract  his 
urine  became  sugar  free,  and  he  obtained  com- 
plete reHef  from  severe  depression  and  extreme 
lassitude.  Repiratory  quotients  in  this  same  case 
showed  a  definite  rise  after  injection  of  the  ex- 
tract, confirming  the  increased  utiHzation  of  car- 
bohydrate. 

All  patients  were  improved  cUnically.  It  is 
difficult  to  put  in  words  what  is  meant  by  cHnical 
improvement.  Those  who  have  been  treating 
diabetes  will  have  recognized  as  early  signs  of 
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improvement  a  certain  change  in  the  skin,  the 
appearance  of  the  eyes,  the  behaviour  of  the 
patient,  his  mental  and  psychic  activity,  and  the 
physical  evidences,  as  well  as  his  testimony,  of 
increased  ^dgor  and  desire  to  use  liis  muscles. 
Under  present  day  treatment,  such  improvement 
occurs  in  diabetics  free  from  acetone  but  is  un- 


doubtedly more  striking  in  patients  recovering 
from  a  ketosis.  This  is  the  nature  of  the  improve- 
ment seen  chnically  as  a  result  of  the  admini- 
stration of  these  extracts,  and,  while  it  is  of  a 
temporary  nature,  we  believe  that  it  justifies  the 
hope  of  more  permanent  results  following  more 
adequate  and  carefully  regulated  dosage. 


TABLE  I. 


Date 

24  hr. 
amount 
of  urine 

in  c.c. 

24  ^-        Bloo 
excretion       • 

of  glucose 

in  gms. 

dS 

ng- 
c.c. 

"f^               Rothera                 ^^ 
P^'                   Test                    > 

pe 

rotal 
etone 
odies 
mga. 
r  litre 

Subcutaneous 

injection  of 

pancreatic 

extract  in  c.c. 

A.M.                 P.M. 

Dec.  12th 

4500 
4020 
3650 
3690 
6870 
3625 
4060 
,3950 
3780 
3900 
3910 
3960 
4300 
3770 
3840 
4580 
4.540 
4210 
4120 
3880 
5070 
3040 
5125 
3275 
2715 
4415 
3145 
2700 
4150 
3740 
3475 
3900 
3700 
4910 
4940 
4710 
4510 
3170 
2.595 
4670 
.3275 
4611 
3930 
4790 
3105 
3985 

187.8 
126.2 
137.2 
126.7 
114.0 

91.5           3. 

84 
,125.5 
123.5 
114.7 
148.0 
197.3 
144.6 
120.6 
121.9 
107.3 
148.5 

71.1 
8.7            1. 

80.5 
1.30.3 

42.2 

16.7 

42.5 

11.5 
7.5 

21.8 
9.1 

18.2 

45.1 

53.3 
101.5 
110.1 
167.1 
101.7 

86.9 
129.9 

117.7              ^ 
106.7 
158.5 
151.4 
185.0 

60  4           0.> 
132.3            2. 

39.6 

92,0 

5.8 
4.5 
5.2 
5.2 

6V2 

2-4 

4.9 

6.7 

5V2 
2-3 

IS' 
4.9 

1^7: 
0-4 

plus          plus 
plus         plus 
plus         plus 
plus         plus 
plus          plus 
plus         plus 
plus         plus 
plus 

plus         plus 
.4              plus         plus               ] 
plus         plus 
plus 

plus         plus 
plus         plus 
plus          plus 
plus         plus 
plus          plus 
plus          plus 
plus          plus 
plus         plus 
plus         plus 
plus          plus               i 
.  0              plus 

0 

0 
plus 
trace 

0 
trace 

0 

0 

0 

0 

0 

0 

0 

0 
trace 

0 
trace 
trace 
7                 trace 
trace 
trace 
trace 
i                 neg. 
5.2             neg. 
. 5              neg. 
neg. 
neg. 

20th 

5  c.c. 

29th 

Jan.     3rd 

6th 

7th 

8th 

72 
540 

188* 
69 

1.37" 
67 
282 
30 
0 
0 
4 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

9th 

10th 

nth 

15  c.c. 

12th 

13th 

14th 

15th 

16th 

17th 

18th 

19th 

20th 

21st 

22nd 

23rd 

20  c.c. 

24th 

10  c.c.            10  c.c. 

25th 

26th 

27th 

4  c.c.              4  c.c. 

28th 

2  c.c.              4  c.c. 

29th 

4  c.c. 

30th 

4  c.c.               4  c.c. 

3l8t 

4  c.c.               4  c.c. 

Feb.      1st 

4^  c.c.              4  c.c. 

2nd 

,3rd 

5  c.c.              4  c.c. 
5  c.c.               4  c.c. 

4th 

5  c.c.               4  c.c. 

5th 

6th 

7th 

8th 

9th 

10th 

11th 

12th 

13th 

14th 

15th 

16th 

5  c.c. 

17th 

6  c.c. 

18th 

19th 

4  c.c. 

20th 

0 

SUMMARY 

Following  the  production  of  what  appears  to 
be  a  concentrated  internal  secretion  of  the  pan- 
creas and  the  demonstration  of  its  physiological 
activity  in  animals,  and,  under  careful  control, 


its  relatively  low  toxicity,  we  are  presenting  a 
preliminary  report  on  the  pharmacological  ac- 
tivity of  this  extract  in  human  diabetes  meUitus. 
Clinical  observations  at  this  juncture  would  ap- 
pear to  justify  the  following  conclusions: — 
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(1)  Blood  sugar  can  be  markedly  reduced  even 
,0  the  normal  values. 

(2)  Glycosuria  can  be  abolished. 

(3)  The  acetone  bodies  can  be  made  to  disap- 
)ear  from  the  urine. 

(4)  The  respiratory  quotient  shows  evidence 
>f  increased  utilization  of  carbohydrates. 

(5)  A  definite  improvement  is  observed  in  the 
;eneral  condition  of  these  patients  and  in  addi- 
ion  the  patients  themselves  report  a  subjective 
ense  of  well  being  and  increased  vigor  for  a 
)eriod  following  the  administration  of  these  pre- 
)arations. 

For  their  hearty  co-operation  and  kindly  assis- 
ance  and  advice,  we  have  great  pleasure  in  pre- 
enting  our  best  thanks  to  Professor  J.  J.  R.  Mac- 
Leod of  the  Department  of  Physiology,  to  Pro- 
essor  V.  E.  Henderson  of  the  Department  of 
Pharmacology,  to  Professor  J.  G.  Fitzgerald  of 
he  Department  of  Hygiene,  and  to  Professor 


Duncan  Graham  of  the  Department  of  Medicine 
of  the  University  of  Toronto. 
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THE  INTERNAL  SECRETION  OF  THE  PANCREAS^*^ 


By  F.  G.  Banting,  M.B.,  and  C.  II.  Best,  B.A. 


THE  hypothesis  iinderlj^ing  tliis  series  of  experiments  was  first  formulated 
by  one  of  us  in  November,  1920,t  while  reading  an  article  dealing  with 
the  relation  of  the  isles  of  Langerhans  to  diabetes.^  From  the  passage  in 
this  article,  which  gives  a  resume  of  degenerative  changes  in  the  acini  of 
the  pancreas  following  ligation  of  the  ducts,  the  idea  presented  itself  that 
since  the  acinous,  but  not  the  islet  tissue,  degenerates  after  this  operation, 
advantage  might  be  taken  of  this  fact  to  prepare  an  active  extract  of  islet 
tissue.  The  subsidiary  hypothesis  was  that  trypsinogen  or  its  derivatives  was 
antagonistic  to  the  internal  secretion  of  the  gland.  The  failures  of  other  in- 
vestigators in  this  much-worked  field  were  thus  accounted  for. 

The  feasibility  of  the  hypothesis  having  been  recognized  by  Professor 
J.  J.  R.  Macleod,  work  was  begun,  under  his  direction,  in  May,  1921,  in  the 
Physiological  Laboratory  of  the  University  of  Toronto. 

In  this  paper  no  attempt  is  made  to  give  a  complete  review^  of  the  litera- 
ture. A  short  resume,  however,  of  some  of  the  outstanding  articles  which 
tend  to  attribute  to  the  isles  of  Langerhans  the  control  of  carbohydrate 
metabolism,  is  submitted. 

In  1889  Mering  and  Minkowski^  found  that  total  pancreatectomy  in  dogs 
resulted  in  severe  and  fatal  diabetes.  Following  this,  many  dififerent  ob- 
servers experimented  wdth  animals  of  various  species  and  found  in  all  types 
examined,  a  glycosuria  and  fatal  cachexia  after  this  operation.  The  fact 
was  thus  established  that  the  pancreas  was  responsible  for  this  form  of 
diabetes.  In  1884,  Arnozan  and  Vaillard^  had  ligated  the  pancreatic  ducts 
in  rabbits  and  found  that  within  twenty-four  hours  the  ducts  become  dilated; 
the  epithelial  cells  begin  to  desquamate;  and  that  there  are  protoplasmic 
changes  in  the  acinous  cells.     On  the  seventh  day  there  is  a  beginning  of 
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round-celled  infiltration.  On  the  fourteenth  day  the  parenchyma  was  mostly 
replaced  by  fibrous  tissue.  Sscobolew*  in  1902  noted  in  addition  to  the  above, 
that  there  was  a  gradual  atrophy  and  sclerosis  of  the  pancreas  with  no 
glucosuria.  However,  in  the  later  stages,  from  thirty  to  one  hundred  and 
twenty  days  after  ligation  of  the  ducts,  he  found  involvement  of  the  islets  and 
accompanying  glucosuria. 

LeAvaschew^  believed  that  the  islets  were  modified  acinous  cells.  La- 
guesse,''  an  anatomist,  first  suggested  that  the  islets  might  be  the  organ  of 
pancreatic  internal  secretion.  He  showed  that  there  were  comparatively  more 
islets  in  the  fetus  and  the  newborn  than  in  the  adult  animal.  Opie'^  and 
Sscobolew®  independently  furnished  the  first  clinical  foundation  for  the  belief 
that  the  islets  were  involved  in  pancreatic  diabetes. 

W.  G.  MacCallum,^  in  1909,  ligated  the  ducts  draining  the  tail  third  of 
the  pancreas.  After  seven  months  he  excised  the  remaining  two -thirds.  This 
was  followed  by  a  mild  glucosuria.  Three  weeks  later  he  removed  the  de- 
generated tail  third.  This  second  operation  resulted  in  an  extreme  and  fatal 
o-lucosuria.  Kirkbridge,^"  in  1912,  repeated  and  corroborated  MacCallum's 
findings  and,  by  the  use  of  Lane's"  method  of  staining,  proved  that  the 
atrophic  tissue  contained  healthy  islets. 

Kamimura^^  in  1917,  working  on  rabbits,  traced  the  degenerative  changes 
in  the  parenchymatous  tissue  of  the  pancreas  after  ligation  of  the  ducts,  and 
found  that  the  islets  remained  normal  and  that  the  animal  did  not  develop 
glucosuria  as  long  as  the  islets  were  left  intact. 

The  first  attempt  to  utilize  the  pancreas  in  defects  of  carbohydrate  metab- 
olism was  made  by  Minkowski."  This  worker  tried  the  effect  of  pancreatic 
feeding,  with  no  beneficial  results.  Up  to  the  present  time  only  useless  or 
even  harmful  effects  have  been  obtained  from  repeated  attempts  to  use 
this  method. 

Knowlton  and  Starling,"  in  1912,  published  experiments  which  showed 
a  marked  decrease  in  the  power  of  using  sugar  o£  a  diabetic  heart  perfused 
outside  the  body,  as  compared  with  a  normal  heart  under  similar  conditions. 
Macleod  and  Pearce,^^  using  eviscerated  animals  were  unable  to  confirm  the 
above  results.  Patterson  and  Starling^^  subsequently  pointed  out  that  a 
serious  error  was  involved  in  the  early  experiments  due  to  (1)  excess  glycogen 
present  in  diabetic  hearts,  and  (2)  to  the  irregular  disappearance  of  glucose 
from  the  lungs. 

Murlin"  prepared  an  alkaline  extract  of  pancreatic  tissue  and  after  in- 
jection of  this  solution,  secured  a  reduction  in  sugar  excreted  in  a  diabetic 
animal.  Kleiner^®  has  pointed  out  that  the  reduction  secured  by  Murlin  might 
be  due  to  the  alkali  per  se.  Kleiner  himself  has  shown  that  ''unfiltered-water 
extracts  of  fresh  pancreas  diluted  with  .90  per  cent  NaCl  when  administered 
slowly  usually  resulted  in  a  marked  decrease  in  blood  sugar."  There  was 
no  compensating  increase  in  urine  sugar,  but  rather  a  decrease,  which  Kleiner 
suggests  may  be  partly  due  to  a  temporary  toxic  renal  effect.  Hemoglobin 
estimations  made  during  the  experiment  showed  that  the  reduction  in  blood 
sugar  was  not  a  dilution  phenomenon.    Paulesco^''  has  recently  demonstrated 


the  reducing  effect  of  whole  gland  extract  upon  the  amounts  of  sugar,  urea 
and  acetone  bodies  in  the  blood  and  urine  of  diabetic  animals.  He  states 
that  injections  into  peripheral  veins  produce  no  effect  and  his  experiments 
show  that  second  injections  do  not  produce  such  marked  effect  as  the  first. 

From  the  Avork  of  the  above-mentioned  observers  we  may  conclude :  (1) 
that  the  secretion  produced  by  the  acinous  cells  of  the  pancreas  are  in  no  way 
connected  with  carbohydrate  utilization ;  (2)  that  all  injections  of  whole-gland 
extract  have  been  futile  as  a  therapeutic  measure  in  defects  of  carbohydrate 
utilization;  (3)  that  the  islands  of  Langerhans  are  essential  in  the  control 
of  carbohydrate  metabolism.  According  to  Macleod  there  are  two  possible 
mechanisms  by  which  the  islets  might  accomplish  this  control:  (1)  the  blood 
might  be  modified  while  passing  through  the  islet  tissue,  i.e.,  the  islands  might 
be  detoxicating  stations  and  (2)  the  islets  might  produce  an  internal  secretion. 

We  submit  the  following  experiments  which  we  believe  give  convincing 
evidence  that  it  is  this  latter  mechanism  which  is  in  operation. 

In  the  ten-week  interval  which  we  considered  necessary  for  complete 
degeneration  of  the  acinous  tissue,  we  secured  records  of  dogs  depancreatized 
by  the  Hedon  method.^" 

METHODS 

The  first  chart  is  a  record  of  an  animal  depancreatized  by  the  Hedon 
method.  The  details  of  this  operation  are  given  in  Hedon 's  article. '°  The 
remaining  records  are  of  animals  (females)  completely  depancreatized  at  the 
initial  operation.  The  procedure  is  as  follows:  under  general  anesthesia  an 
upper  right  rectus  incision  is  made  through  the  abdominal  wall.  The  duode- 
num is  delivered  through  the  abdominal  wound,  and  the  pancreas  traced  to 
the  tail  portion.  The  mesentery  beyond  is  cut  between  clamp  and  ligature. 
Vessels  from  spleen  are  then  isolated,  ligated  and  divided.  Little  dissection 
is  then  required  until  the  duodenum  is  reached.  The  superior  pancreatico- 
duodenal vessels  are  located  and  great  care  is  exercised  to  avoid  damaging 
them.  The  pancreas  is  stripped  from  the  duodenum  by  dry  dissection.  The 
vessels  to  the  uncinate  process  are  ligated  and  divided,  and  the  process  freed 
from  its  mesenteric  attachments.  The  larger  duct  of  the  pancreas  is  then 
ligated  close  to  its  entry  into  the  duodenum  and  the  pancreas  is  removed. 
Special  care  must  be  e;xercised  to  preserve  the  splenic  vessels.  The  superior 
pancreatico-duodenal  vessels  must  be  left  intact.  Failing  this,  duodenal  ulcer 
is  a  frequent  development.  If  this  procedure  is  carried  out  the  whole  gland 
with  the  exception  of  the  portion  in  contact  with  the  duodenum  is  covered 
with  mesentery.  The  abdominal  wound  is  closed  layer  by  layer  with  catgut. 
A  collodion  dressing  is  used.  The  urethral  orifice  is  exposed  by  a  midline 
incision  of  the  perineum  and  the  edges  of  the  wound  drawn  together  to 
facilitate  healing. 

"We  have  found  that  animals  between  eight  and  sixteen  months  old  are 
the  most  suitable  for  this  operation.  At  this  age  the  pancreas  is  not  so  firmly 
fixed  as  it  becomes  later. 

We  first  ligated,  under   general   anesthesia,  th.e   pancreatic   ducts   in   a 


number  of  dogs.  (Blood  sugar  estimations  on  these  animals  were  recorded 
from  time  to  time.    We  have  no  record  of  a  hyperglycemia). 

The  extract  was  prepared  as  follows:  The  dog  was  given  a  lethal  dose  of 
chloroform.  The  degenerated  pancreas  was  swiftly  removed  and  sliced  into 
a  chilled  mortar  containing  Ringer's  solution.  The  mortar  was  placed  in 
freezing  mixture  and  the  contents  partially  frozen.  The  half  frozen  gland 
was  then  completely  macerated.  The  solution  was  filtered  through  paper 
and  the  filtrate,  having  been  raised  to  body  temperature,  was  injected  intra- 
venously. 

We  have  never  found  it  necessary  to  cut  down  on  a  vein  under  general 
or  local  anesthetic.  The  skin  surface  above  the  vein  is  shaved  and  the  needle 
inserted  into  the  vein  which  is  dilated  by  compression.  The  dogs  make  very 
little  resistance  to  this  procedure  and  after  the  first  few  punctures  lie  quietly 
during  the  operation.  Sugar  injections  (100  c.c.  of  fluid)  as  well  as  the 
numerous  administrations  of  extract  were  conducted  by  this  method. 

We  performed  several  experiments  with  the  object  of  exhausting  the 
zymogen  granules  of  the  pancreas.  Prolonged  secretin  injections  and  vagus 
stimulation  below  the  diaphragm  were  practiced.  Fortune  favored  us  in  the 
first  experiment.  In  subsequent  attempts  we  were  never  able  to  exhaust  the 
gland  sufHciently  to  obtain  an  extract  free  from  the  disturbing  effects  of  some 
constituent  of  pancreatic  juice. 

The  blood  sugar  estimations  were  made  by  the  Myers-Bailey^^  modifica- 
tion of  the  Lewis-Benedict  method.  The  results  of  this  method  were  corrob- 
orated by  the  Schaffer-Hartman--  method  at  high  and  low  percentages  of  blood 
sugar.  The  former  method  gave  results  which  were  consistently  slightly 
higher  (.01  per  cent)  than  those  obtained  by  the  Schaffer-Hartman  method. 
We  find  the  average  normal  blood  sugar,  from  observations  on  thirty  normal 
dogs,  to  be  .090  per  cent. 

Hemoglobin  estimations  were  made  by  the  carbon-monoxide  saturation 
method,  using  the  du  Boscq  colorimeter. 

RESULTS 

Chart  1  contains  the  record  of  a  6.5  kilogram  dog  (410).  This  experiment 
is  not  conclusive  but  is  interesting  to  us  at  least,  since  we  administered  the 
first  dose  of  extract  of  degenerated  pancreas  to  this  animal. '  On  July  11,  the 
pancreas,  with  the  exception  of  the  processus  uncinatus,  was  removed.  The 
processus  was  allowed  to  remain  until  July  18.  In  the  interval  between  the 
operations  there  was  no  hyperglycemia  or  glucosuria.  The  curves  on  subse- 
quent days  show  the  effect  produced  by  the  removal  of  the  pedicle.  It  will 
be  noted  that  as  the  experiment  progresses  the  percentage  of  blood  sugar 
did  not  rise  to  the  level  usually  attained  in  completely  depancreatized  animals, 
and  also  that  there  was  a  marked  decrease  in  the  daily  amounts  of  nitrogen 
and  sugar  excreted  and  the  volume  of  urine  voided.  The  animal  continued  to 
lose  weight  and  seemed  to  be  entering  the  cachexial  condition  characteristic 
of  depancreatized  animals  which  had  become  infected. 

The  chart  for  July  27  shows  the  effect  produced  on  the  percentage  of 
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blood  sugar  and  on  the  sugar  excretion  by  the  oral  administration  of  twenty- 
five  grams  of  dextrose  in  two  hundred  and  fifty  c.c.  of  water. 

At  10  A.M.  July  30,  the  percentage  of  blood  sugar  was  0.20.  Four  c.c.  of 
extract  of  degenerated  pancreas  were  injected  intravenously.  At  11  a.m.  the 
blood  sugar  had  fallen  to  0.12  per  cent.     The  injections  of  extract  are  shown 


in  the  chart.  At  12  a.m.  twenty  grams  of  sugar  in  two  hundred  c.c.  of  water 
were  given  by  stomach  tube.    The  chart  records  the  effect. 

The  obvious  criticism  of  this  experiment  is  that  the  animal  was  moribund 
when  the  effect  of  the  extract  was  tried.  The  interesting  features,  which 
gave  us  great  encouragement  are  (1)  the  extract  caused  a  sudden  fall  in  the 
blood  sugar  and  (2)  that  in  the  presence  of  the  extract  the  animal  excreted 
.21  grams  of  a  20  gm.  injection  in  a  period  of  five  hours  following  the  injec- 
tion, in  contrast  to  an  excretion  of  15.88  grams  of  a  25  gm.  injection  in  the 
same  interval,  when  no  extract  was  administered. 

Chart  2  is  the  record  of  dog  02,  weight  11.9  kg.  A  complete  pancreatec- 
tomy was  performed  on  this  animal  at  three  p.m.  August  11.  The  first  injec- 
tion of  extract  was  given  six  hours  after  the  operation  and  subsequently  an 
injection  every  four  hours.  This  extract  Avas  freshly  prepared  from  a  ten  Kg. 
dog  whose  pancreatic  ducts  had  been  ligated  for  ten  weeks.  One  hundred 
and  twenty-five  c.c.  of  extract  were  prepared  from  the  gland  residue  but  this 
supply  was  exhausted  by  two  p.m.,  August  13,  after  which  other  extracts 
were  used.    Blood  samples  were  always  taken  before  the  injections  of  extract. 

On  August  12,  the  blood  sugar  curve  shows  that  neither  five  nor  eight  c.c.  of  this 
extract  every  four  hours  were  sufficient  to  counterbalance  the  upward  trend  of  the  per- 
centage of  sugar  of  the  blood.  At  10  P.  M.  the  dose  was  increased  to  twelve  c.c.  and  a 
marked  fall  is  noted.  The  chart  at  10  a.  m.  August  14  records  the  reduction  of  the 
percentage  of  sugar  in  the  blood  below  its  normal  level,  as  a  result  of  extract  from 
another  degenerated  gland.  (The  exceptionally  higher  values  for  the  volume  of  urine 
and  the  urinary  nitrogen  for  August  15  and  IG  may  be  due  to  the  adulteration  of  the 
urine  with  vomit.)  On  August  15  at  10  A.  M.  the  chart  shows  the  effect  produced  by  ten 
e.c.  of  the  same  gland  extract  made  0.1  per  cent  acid  with  HCl.  This  extract  made 
0.1  per  cent  alkaline  with  NaOH  causes  a  slight  reduction  (August  15,  8  P.  M.)  The 
effect  may  be   due  to  the  alkali. 

The  extract  administered  at  10  A.  m.  August  16  was  neutral  and  made  from  the 
same   degenerated  gland. 

On  August  16  and  17  effects  of  extracts  from  normal  glands  were  tested.  A  nor- 
mal pancreas  from  a  ten  kg.  animal  was  divided  into  three  equal  parts.  One  third 
was  extracted  with  neutral  saline,  the  second  portion  with  0.1  per  cent  HCl  and  the 
third  with  0.1  per  cent  NaOH.  On  August  17  at  four  P.  M.  the  neutral  whole  gland 
extract  was  administered.  A  marked  fall  in  blood  sugar  resulted.  The  acid  and  alka- 
line extracts  were  injected  at  12  P.  m.  August  17,  and  7  A.  M.  Augi;st  18.  The  last 
two  injections  were  perhaps  not  given  a  fair  opportunity  to  develop  their  effects.  We 
do  not  take  colorimeter  readings  by  artificial  light  and  therefore  did  not  have  an  accu- 
rate knowledge  of  the  height  of  blood  sugar  at  these  times. 

The  conclusion  from  this  experiment  is  that  freshly  prepared  neutral  or  acid  ex- 
tracts of  the  whole  pancreas  do  have  a  reducing  effect  on  blood  sugar,  thus  confirming 
Kleiner.  It  may  be  stated  here  that  repeated  injections  of  whole  gland  extracts 
cause  marked  thrombosis  of  the  veins  where  the  injections  are  made  and  a  noticeable 
interference  with  kidney  function.  It  is  obvious  from  the  chart  that  the  whole  gland 
extract  is  much  weaker  than  that  from  the   degenerated  gland. 

On  August  20,  we  attempted  "to  exhaust  the  pancreas  of  a  nineteen  kg.  dog  by  con- 
tinued injections  of  secretin  and  repeated  stimulation  of  the  vagus  nerve  below  the 
diaphragm.  We  obtained  eighty-five  e.c.  of  pancreatic  juice  and  considered  the  gland 
exhausted.  It  was  swiftly  removed  and  immediately  chilled.  The  marked  effect  of 
injection  of  this  material  is  shown  on  the  chart  at  7  P.  M.  August  20.  On  August  21 
we  incubated  ten  c.c.  of  the  extract  and  five  c.c.  of  pancreatic  juice  for  two  hours   at 
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Chart  2. — (1)  Degenerated  pancreas,  clog  394.  (2)  Degenerated  pancreas,  dog  390.  (3)  Degen- 
erated pancreas,  +  .1%  HCI.  (4)  Degenerated  pancreas  +  0.10%  NaOH.  (S)  Degenerated  pancreas, 
+  .1%  HCI.  (6)  Whole  gland  extract,  fresh,  cold.  (I)  Whole  gland  extract,  +  .K/o  HCI.  (8)  Whole 
gland  extract  +  .1%  NaOH.  (9)  Exhausted  gland  extract.  (10)  10  cc.  exhausted  gland  extract  +  5  cc. 
pancreatic  juice  incubated  2  hours.  (11)  10  cc.  exhausted  gland  extract  (-pancreatic  juice)  incubated 
2   hours.      (12)    Whole  gland,   cat.      Dog  died  August   30. 

body  temperature  in  alkaline  solution.  This  solution  was  injected  at  6  P,  M.  August 
21.  The  curve  shows  the  very  slight  effect  produced.  As  a  control  on  the  above,  ten 
cc.  of  extract  and  five  cc.  of  saline  were  incubated  under  similar  conditions  for  two 
hours.  The  chart  at  10  P.  M.  August  21  records  the  marked  effect  of  the  injection  of 
this   second    solution.      On    August    22    at    6    p.    m.    eight    cc.    of    extract   from    the    normal 
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Chart   2. — Continued 


pancreas    of    a    eat    were   injected.      We    obtained    a    marked    anaphylactic-like    reaction. 
The  curve  shows  the  effect  upon  the  blood  sugar. 

No  further  injections  were  given  to  this  animal  after  August  22.  The  dog  died  on 
August  30,  nineteen  days  after  the  operation.  The  autopsy  showed  consolidation  and 
necrosis  of  a  large  area  in  lower  lobe  of  right  lung,  infection  in  right  pleural  sac.  The 
operation  wound  was  well  healed.  There  was  no  sign  of  pancreatic  tissue.  The  ab- 
domen was  not  infected. 
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Chart  3  is  the  record  of  dog  408.     The  weight  of  this  animal  was  9  kg. 
The  details  of  the  experiment  will  be  given  rather  fully. 

The   normal   blood   sugar   of   dog   408   was   .090   per   cent.     Eighteen   hours   after   pan- 
createctomy   the    percentage    of    sugar    in    the    blood    was    .27.      Twenty-two    hours    after 


the  operation,  1  p.  m.  August  4,  the  blood  sugar  was  .26  per  cent.  During  the  twenty- 
two  hours  3.10  grams  of  sugar  were  excreted.  The  volume  of  urine  was  494  c.e.  At 
one  P.  M,  we  administered  five  c.c.  of  extract  of  degenerated  pancreas  which  had  been 
prepared  four  days  previously  and  kept  in  cold  storage.  At  two  P.  M.  the  blood  sugar 
was  .16  per  cent.  At  three  p.  m.  the  percentage  of  sugar  in  the  blood  had  fallen  to 
.15.     From   one   to   three   P.   M.   .19   grams   of   sugar  were   excreted   in   a   volume   of   twenty- 
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Chart  4.— (1)  lixhaustcd  gland  extract  1%  HCl.  (2)  Exhausted  gland  extract  neutralized.  (3) 
hxhausted  gland  extract  neutralized  per  rectum.  (4)  20  c.c.  exhausted  gland  extract  and  alkali  +  10  c.c. 
pancreatic  juice  incubated  3  hours  at  37°C.  then  neutralized.  (5)  20  c.c.  exhausted  gland  extract  incu- 
bated 3  hours  at  37"   C,  0.1%    HCI.      (6)    Exhausted  gland   of  cat,  0.2%   HCl. 
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six  c.c.  of  urine.  Throe  and  forty-tliree  liundredths  grams  of  urinary  nitrogen  were 
excreted  in  the  twenty-four  hours  following  the  operation.  The  G.  to  N.  ratio  for  this 
period  was  1.4:1.  From  3  p.  m.  to  7  p.  m.  the  percentage  of  sugar  in  the  blood 
shows  a  gradual  rise  from   .15  to   .25  per  cent.     This  latter   level  was  maintained  until 

9  P.  M.  The  chart  shows  a  slight  rise  in  sugar  excretion  following  the  rise  of  blood 
sugar.  At  9  P.  M.  five  c.c.  of  extract  which  had  been  exposed  to  room  temperature 
for  one  hour  was  injected'  intravenously.  The  blood  sugar  was  reduced  to  a  value  of 
.18   per  cent.     The   chart   shows  a   gradual   ascent   from   this   value   to   .27   per   cent.     Al 

10  P.  M.  the  percentage  of  sugar  in  the  blood  was  .27.  At  this  hour  five  c.c.  of  extract 
of  liver,  prepared  in  precisely  the  same  manner  as  the  pancreatic  extract,  were  ad- 
ministered intravenously.  One  hour  later  the  blood  sugar  was  .30  per  cent.  This  level 
was  maintained  during  the  following  three  hours.  It  was  unaffected  by  an  injection  of 
5  c.c.  of  extract  of  spleen.  The  chart  shows  the  rise  in  volume  of  urine  and  amount 
of  sugar  excreted.  At  2  P.  M.  (b.  s.  .3  per  cent),  five  c.c.  of  an  extract  of  degenerated 
pancreas  were  injected.  A  sharp  fall  in  the  blood  sugar  resulted.  At  3  P.  m.  and 
again  at  4  p.  m.  a  similar  dose  of  extract  was  given.  The  chart  records  the  lasting 
effect.  The  2  p.  m.  level  of  .30  per  cent  was  regained  twelve  hours  after  the  first  in- 
jection. The  hourly  excretion  of  sugar  ran  approximately  parallel  with  the  percentage 
of  sugar  in  the  blood.  Between  1  p.  m.  and  2  p.  m.  .52  grams  were  excreted.  Less 
than  .02  grams  were  excreted  between  7  p.  m.  and  8  P.  u.  The  highest  glucose  to  nitro- 
gen ratio  observed  in  this  experiment  was  a  3:1  value  for  the  22-hour  interval  between 
2  P.  M.  the  6th  of  August  and  noon  the  following  day.  At  12  noon  August  6  the  per- 
centage sugar  in  the  blood  was  .40  per  cent.  Five  c.c.  of  boiled  extract  of  degenerated 
pancreas  was  injected  intravenously  at  this  stage  and  caused  no  reduction  of  blood 
sugar.  At  twelve  midnight  August  6  five  c.c.  of  extract  of  degenerated  pancreas  which 
had  been  prepared  48  hrs.  previously  were  administered.  The  blood  sugar  fell  from 
.43  per  cent  at  12  p.  M.  to  .37  per  cent  at  1  a.  m.  Five  c.c.  doses  were  given  at  1,  2 
and  3  A.  M.  and  a  twenty-five  c.c.  dose  at  4  A.  m.  The  chart  shows  the  reduction  in 
blood  sugar  to  a  normal  level  and  the  beginning  of  an  upward  trend  five  hours  after 
the  last  injection  of  extract.    The  animal  died  at  12  A.  m.  August  7. 

A  brief  description  of  the  clinical  condition  of  the  animal  at  various  stages  of 
the  experiment  is  necessary  for  the  correct  interpretation  of  the  above  results.  The 
animal  made  a  good  postoperative  recovery  and  was  able  to  retain  water  and  meat 
after  the  second  day  following  the  operation.  On  the  morning  of  August  5  we  noticed 
that  the  condition  of  the  animal  was  much  worse.  It  appeared  excessively  tired,  did 
not  eat,  and  vomited  after  drinking  water  and  also  after  extract  of  spleen  given  intra- 
venously. At  5  p.  M.  August  5  the  animal  appeared  considerably  improved.  It  re- 
tained water  and  ate  meat.  On  August  6  at  10  P.  M.  the  abdominal  wound  Avas  moist 
with  exudate,  and  the  animal  was  not  so  active  as  on  the  preceding  day.  No  marked 
variation  from  this  condition  was  observed  until  4  A.  M.  when  25  c.c.  of  extract  were 
administered.  After  this  injection  the  animal  had  a  marked  reaction  and  appeared 
to  be  dying.  It  was  revived  slightly  by  intravenous  and  intraperitoneal  injections  of 
warm  saline.  Considerable  improvement  was  noted  at  7  a.  m.,  dog  was  able  to  stand. 
The  improvement  was  short-lived.  The  dog  died  at  12  a.  m.  August  7.  The  post- 
mortem showed  a  widespread  abdominal  infection.  There  was  no  sign  of  pancreatic 
tissue. 

The  entire  degenerated  pancreas  from  one  8  kg.  dog  and  approximately  one-half 
the  degenerated  gland  from  a  6  kg.  dog  was  the  substrate  of  the  extract  used  in  this 
experiment. 

Chart  4,  Dog  9,  gives  additional  evidence  on  several  important  points 
which  have  been  referred  to  previously.  At  6  p.m.,  September  8,  we  adminis- 
tered ten  c.c.  of  extract  of  degenerated  pancreas  per  rectum.  There  was  no 
redurction  in  blood  sugar  at  7  p.m.  when  we  gave  12  c.c.  of  extract  of  ex- 
hausted gland  intravenously.     The  chart  records  the  effect  of  this  and  sub- 
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Chart  5. — (1)  100  c.c.  saline.  (2)  10  gms.  sugar  +  100  c.c.  water.  (3)  10  c.c.  extract  A.  (4) 
10  gms.  sugar,  80  c.c.  water,  20  c.c.  extract  A.  (5)  20  c.c.  extract  B.  Note:  Extract  A  was  made 
from  uncinate  process.   K-xtract  B  from  tail  portion  of  pancreas. 

sequent  injections  of  the  same  material.  At  6  a.m.,  September  10,  we  admin- 
istered 15  c.c.  of  extract  of  exhausted  gland  per  rectum.  There  was  no  effect. 
At  8  A.M.,  September  10,  fifteen  c.c.  of  extract  of  exhausted  gland  were  in- 
jected intravenously.  The  drop  in  blood  sugar  was  very  marked.  Twenty 
c.c.  of  exhausted  gland  extract,  made  1  per  cent  alkaline  with  NaOH,  were 
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incubated  three  hours  at  body  temperature  with  10  c.c.  of  active  pancreatic 
juice.  This  solution  was  neutralized  and  injected  intravenously  at  7  p.m. 
September  10.  No  reduction  in  blood  sugar  resulted.  At  2  p.m.  September 
11,  20  c.c.  of  acid  extract  incubated  for  three  hours  at  37.5°  F.  were  injected. 
The  curve  shows  the  drop  in  blood  sugar.     On  September  13  at  9  a.m.  and 
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2  P.M.  the  effect  of  extracts  from  tlie  partially  exhausted  gland  of  a  cat  is 
shown.     This  extract  produces  a  pronounced  general  reaction. 

We  observe  that  extracts  prepared  from  these  more  or  less  exhausted 
glands,  while  retaining  to  some  extent  the  reducing  effect  upon  blood  and 
urine  sugar,  produce  many  symptoms  of  toxicity  which  are  absent  after  in- 
jections of  extracts  from  completely  degenerated  glands. 

Chart  5  is  the  graphic  record  of  an  experiment  on  a  10  Kg.  dog  in  which 
we  have  attempted  to  prove  that  the  reduction  of  the  percentage  sugar  in  the 
blood  is  not  a  dilution  phenomenon.  Our  plan  of  campaign  was  to  inject  at 
a  given  hour  on  the  first  day  (2  p.m.,  October  7),  100  c.c.  of  isotonic  saline 
(1).  On  the  second  day  at  the  same  hour  the  animal  received  100  c.c.  of 
10  per  cent  sugar  solution  (2).  Extract  (■?)  (10  and  15  c.c.  doses)  was 
given  one  hour,  and  a  second  dose  thirty  minutes  before  the  corresponding 
hour  on  the  third  day  and  70  c.c.  of  distilled  water  containing  10  gms.  of 
sugar  were  injected  on  the  hour  (4).  Extract  in  20  c.c.  doses  was  injected 
at  3,  4,  5,  6  and  7  p.m.  (5).  To  interpret  correctly  the  curve  for  this  day,  a 
brief  description  of  extracts  (3)  and  (5)  is  necessary.  The  pancreas  from 
which  these  extracts  were  made  was  not  completely  degenerated.  The  pan- 
creatic ducts  of  the  animal  had  been  tied  six  weeks.  Extract  (5)  was  made 
from  the  processus  uncinatus.  Extract  (5)  was  made  from  the  remainder  of 
the  gland.  The  extract  from  the  uncinate  process  was  much  weaker  than  the 
latter.  In  the  four  hours  following  the  first  injection  of  sugar  we  recovered 
9.94  grams  in  the  urine.  In  the  corresponding  period  on  the  following  day 
after  the  injection  of  sugar  plus  extract  4.49  grams  were  recovered.  Had 
we  used  the  more  powerful  extract  first,  the  reducing  action  might  have  been 
even  more  strikingly  demonstrated. 

We  were  surprised  that  we  did  not  secure  a  raised  blood  sugar  one  hour 
after  the  first  injection  of  sugar.  The  rise  after  the  second  injection  was  very 
marked.  We  gave  the  animal  one  day's  rest  and  repeated  the  consecutive 
injections  with  the  same  results  as  above.  The  interpretation  of  the  results 
of  the  first  of  the  later  injections  is  complicated  by  an  unexplainably  high 
percentage  of  sugar  present  before  the  injection.  This  phenomenon  cannot 
be  wholly  explained  by  the  rate  of  output  of  sugar  since  on  the  fourth  injec- 
tion, the  first  hour  excretion  was  the  maximum  of  the  series  and  we  did  obtain 
a  definite  rise  in  blood  sugar.  An  injection  of  1  gram  of  sugar  per  kg.  given 
to  a  normal  dog  showed  a  pronounced  rise  in  percentage  sugar  of  the  blood 
after  a  15-minute  interval.  This  hyperglycemia  rapidly  subsided  and  at  the 
end  of  an  hour  the  blood  sugar  had  regained  its  normal  level ;  2.29  grams  of 
sugar  were  excreted. 

Hemoglol)in  estimations  were  made  (1)  one  hour  after  the  first  sugar  injec- 
tion, (2)  just  before  the  first  injection  of  extract  and  (3)  at  12  p.m.,  Oct.  9. 
The  blood  sugars  at  these  times  were  .33  per  cent,  .35  per  cent  and  .09  per  cent 
respectively.  The  hemoglobin  was  identical  at  the  second  and  third  deter- 
minations ;  a  slightly  lower  value  was  obtained  at  the  first  determination. 

Chart  6  is  the  record  of  a  short,  but  very  interesting  experiment  which 
again  demonstrates  the  remarkable  effect  of  the  extract  of  degenerated  pan- 
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ereas  upon  the  power  of  a  diabetic  animal  to  retain  sugar.  On  Nov.  8  at 
11  A.M.  (b.s.  35  per  cent),  10  gm.  of  sugar  were  injected  intravenously.  The 
curve  shows  the  rise  in  blood  sugar.  In  the  four  hours  following  the  injection, 
10.88  gm.  of  sugar  were  excreted.  From  3'  to  9  p.m.  78  c.c.  of  dilute  extract 
were  injected  in  13  c.c.  doses.  At  9  p.m.  (b.s.  .09  per  cent),  10  gm.  of  sugar 
were  injected.  The  curve  shows  the  effect-  on  blood  sugar  and  sugar  excre- 
tion. The  effect  of  partialh^  degenerated  gland  extract,  5  weeks  after  ligation 
of  the  ducts,  upon  the  kidneys  is  shown  here.  This  extract  may  produce  a 
raised  threshold  to  sugar  or  a  condition  of  anuria,  as  in  this  experiment. 
Hemoglobin  estimations  before  and  after  administration  of  extract  were  iden- 
tical. Duodenal  ulcer  was  the  cause  of  the  early  termination  of  the  experi- 
ment. 

A  more  detailed  description  of  the  histologic  sections  obtained  during  our 
experiments  will  be  included  in  a  subsequent  communication.  Suffice  it  here 
to  note  that  the  pancreatic  tissue  removed  after  seven  to  ten  weeks'  degenera- 
tion shows  an  abundance  of  healthy  islets,  and  a  complete  replacement  of  the 
acini  with  fibrous  tissue. 

In  the  course  of  our  experiments  we  have  administered  over  seventy-five 
doses  of  extract  from  degenerated  pancreatic  tissue  to  ten  different  diabetic 
animals.  Since  the  extract  has  always  produced  a  reduction  of  the  percentage 
sugar  of  the  blood  and  of  the  sugar  excreted  in  the  urine,  we  feel  justified  in 
stating  that  this  extract  contains  the  internal  secretion  of  the  pancreas.  Some 
of  our  more  recent  experiments,  which  are  not  yet  completed,  give,  in  addition 
to  still  more  conclusive  evidence  regarding  the  sugar  retaining  power  of  dia- 
betic animals  treated  with  extract,  some  interesting  facts  regarding  the  chem- 
ical nature  of  the  active  principle  of  the  internal  secretion.  These  results, 
together  with  a  study  of  the  respiratory  exchange  in  diabetic  animals  before 
and  after  administration  of  extract,  will  be  reported  in  a  subsequent  commu- 
nication. 

We  have  always  observed  a  distinct  improvement  in  the  clinical  condition 
of  diabetic  dogs  after  administration  of  extract  of  degenerated  pancreas,  but 
it  is  very  obvious  that  the  results  of  our  experimental  work,  as  reported  in 
this  paper  do  not  at  present  justify  the  therapeutic  administration  of  degen- 
erated gland  extracts  to  cases  of  diabetes  mellitus  in  the  clinic. 

CONCLUSIONS 

The  results  of  the  experimental  work  reported  in  this  article  may  be 
summarized  as  follows: 

Intravenous  injections  of  extract  from  dog's  pancreas,  removed  from 
seven  to  ten  weeks  after  ligation  of  the  duets,  invariably  exercises  a  reducing 
influence  upon  the  percentage  sugar  of  the  blood  and  the  amount  of  sugar 
excreted  in  the  urine. 

Rectal  injections  are  not  effective. 

The  extent  and  duration  of  the  reduction  varies  directly  with  the  amount 
of  extract  injected. 

Pancreatic  juice  destroys  the  active  principle  of  the  extract. 

That  the  reducing  action  is  not  a  dilution  phenomenon  is  indicated  by  the 
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following  facts  (1)  hemoglobin  estimations  before  and  after  administration  of 
extract  are  identical;  (2)  injections  of  large  quantities  of  saline  do  not  effect 
the  blood  sugar;  (3)  similar  quantities  of  extracts  of  other  tissues  do  not  cause 
a  reduction  of  blood  sugar. 

Extract  made  0.1  per  cent  acid  is  effectual  in  lowering  the  blood  sugar. 

The  presence  of  extract  enables  a  diabetic  animal  to  retain  a  much  greater 
percentage  of  injected  sugar  than  it  would  otherwise. 

Extract  prepared  in  neutral  saline  and  kept  in  cold  storage  retains  its 
potency  for  at  least  seven  days. 

Boiled  extract  has  no  effect  on  the  reduction  of  blood  sugar. 

We  wish  to  express  our  gratitude  to  Professor  Macleod  for  helpful  sug- 
gestions and  laboratory  facilities  and  to  Professor  V.  E.  Henderson  for  his 
interest  and  support. 
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PANCREATIC  EXTRACTS* 


By  F,  G.  Banting  and  C.  H.  Best,  Toronto,  Can. 


IN  a  previous  paper^  we  have  reported  experiments  which  justify  the  con- 
elusion  that  some  constituent  of  the  pancreas  destroys  the  active  principle 
of  the  internal  secretion  of  the  gland  when  extracts  are  made  of  the  gland  by 
the  usual  methods.  To  eliminate  these  digestive  substances,  extracts  were 
prepared  from  degenerated  pancreatic  tissue  ten  weeks  after  ligation  of  the 
ducts  of  the  pancreas  by  which  time  the  acinar  but  not  the  insular  cells  are 
said  to  have  disappeared.  From  this  material  we  secured  small  quantities 
of  very  active  extract.  The  question  of  a  more  rapid  and  economical  method 
of  securing  larger  quantities  of  the  extract  soon  became  of  prime  importance. 

Ibrahim^  could  obtain  no  conclusive  evidence  of  the  presence  of  an  active 
proteolytic  enzyme  in  the  pancreas  of  the  human  fetus  till  after  the  fourth 
month  of  intrauterine  life.  Carlson^  reported  that  in  pregnant  bitches  near 
term,  complete  pancreatectomy  was  not  followed  by  severe  glycosuria  in 
uncomplicated  cases  till  the  young  were  born.  Allen*  was  unable  to  confirm 
this  finding.  The  most  natural  interpretation  of  Carlson's  result  is  that 
the  pancreas  of  the  fetus  furnishes  to  the  mother  an  internal  secretion  which 
is  necessary  for  the  metabolism  of  sugar.  These  facts  coupled  with  the 
evidence  afforded  by  our  previous  experiments  suggested  the  possibility  that 
the  fetal  pancreas  might  prove  a  source  of  an  extract  rich  in  internal  secretion 
and  yet  free  from  the  destructive  enzymes  of  pancreatic  juice. 

In  order  to  test  this  hypothesis  a  quantity  of  pancreas  was  obtained  from 
fetal  calves  of  less  than  five  months'  development.  The  tissue  was  macerated 
in  Ringer's  solution,  and  the  liquid  filtered  off.  The  filtrate  was  tested  on 
several  different  diabetic  dogs  and  found  to  produce  similar  effects  upon  the 
percentage  sugar  of  the  blood  and  on  the  sugar  excreted  in  the  urine  as  did 
the  extract  prepared  from  degenerated  pancreatic  tissue.  The  extract  was  not 
found  to  contain  any  proteolytic  enzyme. 

In  this  paper  we  are  reporting  two  experiments  in  which  such  extracts 
of  fetal  calf  pancreas  were  used. 

EXPERIMENT  I 

A  total  pancreatectomy  was  performed  upon  Dog  27  on  November  14; 
weight  of  the  animal,  5  kgm.  The  effects  of  injections  of  the  extract  are 
given  in  Table  I. 

EXPERIMENT   II 

Chart  I  is  the  graphic  record  of  some  interesting  experiments  performed 
upon  a  dog  (No.  33)  from  which  the  pancreas  was  removed  on  November  18, 


•From    the   Department    of   Physiology,    University    of    Toronto. 


Table   I 
Dog  27 — Pancreatectomy  November  14 — Weight  5  Kilograms 


DATE 

hour 

BLOOD    SUGAR 

EXTRACT 

SUGAR   EXCRETED 

WEIGHT 

Nov. 

15 

10 

A. 

m. 

.11 

— 

— 

5.0  k.    (Total  pan- 
createctomy) 

Nov. 

14 

3 

P. 

m. 

.28 

- 

- 

_ 

Nov. 

17 

8.30 

A. 

M. 

.30 

5 

c.c. 

12  noon  16  to 

4.1  k. 

9.15 

A. 

M. 

.20 

- 

9  A.   M.   17  - 

10 

A. 

M. 

.17 

5 

c.c. 

4  gms. 

6 

P. 

M. 

.15 

5 

c.c. 

Nov. 

18 

9 

A. 

M. 

.175 

10 

c.c. 

Previous  24  hr. 

4.1  k. 

10 

A. 

M. 

.08 

- 

vol.  of  urine 

6 

F. 

M. 

- 

10 

c.c. 

100   c.c,   no   sugar. 

Nov. 

19 

9 

A. 

M. 

.21 

- 

Previous  24  hr. 

4.2  k. 

6 

P. 

M. 

- 

10 

c.c. 

vol.   of  urine  225 
c.c.  sugar  free 

Nov. 

20 

10 

A. 

M. 

.20 

10 

c.c. 

4.3  k. 

Nov. 

21 

10.15 

A. 

M. 

.26 

10 

c.c. 

Nov. 

22 

9 

A. 

M. 

.25 

12 

c.c. 

Nov. 

23 

9 

A. 

M. 

- 

12 

c.c. 

Nov. 

24 

9 

A. 

M. 

- 

10 

c.e. 

Nov. 

25 

9 

A. 

M. 

_ 

10 

c.c. 

Nov. 

28 

6 

P. 

M. 

- 

2 

c.c. 

(eoneentrated) 

Nov. 

29 

6 

P. 

M. 

- 

5 

c.c. 

(concentrated) 

Dec. 

2 

11 

A. 

M. 

.15 

- 

Previous  24  hr. 

4.0  k. 

12 

A. 

M. 

- 

6 

c.c. 

vol.   320   c.c. 
.5  gins,  sugar. 

Dec. 

4 

12 

A. 

M. 

- 

6 

c.c. 

Dog  27  was  removed  from  the  metabolism  cage  on  November  20.  Sugar  excretion  was 
not  followed  in  the  interval  between  No^'enlber  20  and  December  1.  On  November  20  the 
animal  was  in  excellent  condition  which  was  maintained  until  December  2.  At  noon  Decem- 
ber 2,  six  c.c.  of  fetal  calf  extract  prepared  16  days  previously  was  injected  subcutaneously. 
This  extract  had  been  prepared  under  aseptic  conditions  and  immediately  after  its  prepara- 
tion was  found  to  have  a  very  low  bacterial  count.  The  solution  was  kept  in  a  refrigerator 
some  distance  away  from  the  ice.  At  3:30  P.  M.  December  2,  the  dog  showed  sjTnptoms  of 
a  peculiar  nature.  Periods  of  unconsciousness  with  convulsive  twitchings,  rttraetion  of  the 
head,  salivation  and  frothing  alternated  with  periods  of  semi-consciousness.  These  symp- 
toms lasted  from  3:30  P.  M.  to  6  P.  M.,  after  6  P.  M.  the  animal  gradually  improved  and 
at  8  P.  M.  was  resting  quietly.  On  Decem];er  4  at  12  A.  M.,  6  c.c.  of  the  same  extract  was 
again  given.  At  1:30  P.  M.  the  animal  began  to  exhibit  symptoms  similar  to  but  more 
severe  than  those  noticed  on  December  2.  The  dog  died  during  the  night  of  December  4. 
Postmortem  examination  showed  that  all  the  pancreas  had  been  removed  and  there  was  no 
evidence  of  infection.  Twelve  c.c.  of  the  same  extract  as  was  used  in  the  latter  part  of  this 
experiment  injected  into  a  normal  dog  produced  no  apparent  reaction. 


1921.  Daily  sugar  excretion  in  grams  and  24  hour  urine  volume  are  clearly 
shown  in  the  chart,  from  which  it  will  be  seen  that  in  twenty-four  hours  after 
the  operation  (November  19,  10  a.m.),  the  percentage  of  sugar  in  the  blood 
was  0.33  per  cent.  Ten  c.c.  of  filtered  fetal  calf  extract  were  injected  intra- 
venously and  one  hour  later  the  blood  sugar  was  0.17  per  cent.  At  7  p.m. 
November  19,  the  blood  sugar  was  0.37  per  cent  when  10  c.c.  of  extract  that 
had  been  passed  through  a  Berkefeld  filter  were  injected.  At  8  p.m.  the  blood 
sugar  was  0.26  per  cent.  At  9  a.m.  November  20  the  blood  sugar  was  0.37 
per  cent  when  ten  c.c.  of  neutral  Berkefeld  extract  which  had  been  kept  in 
a  water-bath  at  78°  C.  for  thirty  minutes  were  injected  intravenously  without 
causing  any  change  in  blood  sugar.  From  this  and  other  experiments  we 
believe  that  the  active  principle  of  this  extract  is  destroyed  by  heating  it  to 


approximately  65°  C,  At  4  p.m.  November  20,  10  e.c.  of  extract  which  had 
been  boiled  twenty  minutes  in  the  presence  of  2  per  cent  HCl  was  injected 
intravenously.  No  reduction  in  the  percentage  of  blood  sugar  was  observed. 
Similar  results  were  obtained  with  corresponding  concentrations  of  other 
acids.  At  7  p.m.  November  20,  when  the  blood  sugar  was  0.40,  10  c.c.  of 
neutral  and  Berkefeld  extract,  given  intravenously,  lowered  it  to  0.23  per  cent 
in  three  hours. 
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Chart  1. — (1)  10  c.c.  filtered  fetal  calf  extract  intravenously.  (2)  10  c.c.  Berkefelded  fetal  calf 
extract  intravenously.  (3)  10  c.c.  of  (2)  heated  to  78°  C  for  30  minutes.  (4)  10  c.c.  of  (2)  +  ^  c.c. 
glacial  acetic  boiled  for  30  minutes.  (5)  10  c.c.  of  (2)  +  Yz  c.c.  hydrochloric  boiled  for  30  minutes. 
(6)  20  c.c.  Berkefelded  fetal  calf  extract  subcutaneously.  (7)  10  c.c.  of  (1)  subcutaneously.  (8)  10 
c.c.   degenerated  pancreas   of  dog  intravenously. 
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Chart    1    (continued). — (9)    100    c.c     water.     10    gms.    dextrose.     Dog    converted    to    longevity 
:nt    December    5.        Chloroformed    Tanuarv    27.    1922. 


periment    December    5.        Chloroformed    January    27,    1922. 


On  November  21  the  blood  sugar  was  lowered  from  0.43  per  cent  at 
10:15  A.M.  to  0.3  per  cent  at  2  p.m  by  the  subcutaneous  injection  of  20  c.c. 
of  Berkefeld  extract.  On  November  22,  10  c.c.  of  a  freshly  prepared  concen- 
trated extract  of  fetal  calf  pancreas  was  injected  subcutaneously  with  the 
remarkable  result  that  the  sugar  of  the  blood  fell  from  0.40  per  cent  at 
4  P.M.  to  the  subnormal  level  of  0.075  per  cent  at  9  p.m.  On  November  24  at 
10  P.M.,  10  c.c.  of  a  seven  days'  old  extract  containing  0.7  per  cent  tricresol 
caused  the  percentage  of  blood  sugar  to  fall  from  0.43  to  0.22  per  cent  at 
11:15  A.M.  On  November  28  at  9:30  a.m.  the  blood  sugar  was  0.43  per  cent 
and  10  gm.  sugar  in  100  c.c.  of  water  injected  intravenously  raised  it  to  0.60 
per  cent  and  8.53  gm.  of  sugar  were  excreted  in  the  urine  in  the  four  hours 
following  the  injection.  We  were  unable  to  follow  the  blood  sugar  curve  as 
closely  as  desirable  owing  to  the  difficulty  of  obtaining  blood  by  venepuncture. 
At  6  P.M.  on  the  same  day  6  c.c.  of  a  more  concentrated  fetal  calf  extract  were 
given  subcutaneously  and  next  morning  (at  9:30  a.m.  November  29),  the 
blood  sugar  was  found  to  be  0.18  per  cent  when  4  c.c.  of  the  same  extract 
was  again  injected.  The  blood  sugar  at  2:30  p.m.  was  0.048  per  cent  and  the 
urine  collected  from  9  :30  a.m.  to  3  p.m.  was  sugar  free,  the  volume  excreted 
between  12  noon  and  3'  p.m.  being  68  c.c.  At  3  p.m.,  4  c.c.  extract  was  admin- 
istered and  at  4  p.m.  10  gm.  of  sugar  in  100  c.c.  of  water  were  injected  intra- 
venously. The  blood  sugar  at  7:30  p.m.  was  0.05  per  cent  and  in  the  two 
hours  following  the  injection  of  sugar  0.51  gm.  were  recovered  in  the  urine 
after  which  the  urine  was  free  of  sugar.  On  November  30  the  animal  was 
in  good  condition.  On  December  1  it  excreted  14.84  grams  of  sugar  in  a 
volume  of  520  c.c.  of  urine  and  on  December  2,  320  c.c.  of  urine  and  10.94 
gm.  of  sugar. 

At  10  A.M.  on  December  3  after  eighteen  hours*  starvation  the  blood  sugar 
was  0.28  per  cent  when  10  c.c.  of  concentrated  fetal  calf  extract  were  given 
by  stomach  tube  in  order  to  find  out  whether  absorption  of  the  active  prin- 
ciple of  the  extract  might  occur  through  the  gastric  mucosa.  At  2  p.m.  the 
blood  sugar  stood  at  0.23  per  cent  when  another  10  c.c.  of  extract  were  given 
by  mouth.  The  blood  sugar  rose  slightly  during  the  next  hour.  On  the  fol- 
lowing days  December  4,  5  and  6  the  animal  excreted  4.95,  8.40  and  15.70 
grams  of  sugar  respectively. 

Since  the  animal  at  this  stage  was  still  in  fairly  good  condition,  even 
though  there  had  been  considerable  irregularity  in  the  administration  of  ex- 
tract, it  was  decided  to  discontinue  using  it  for  the  purpose  of  testing  the 
relative  potency  of  different  forms  of  extract  and  to  administer  to  it  the  most 
efficient  of  these  in  regular  dosage  so  as  to  determine  for  how  long  a  time 
the  animal  could  be  kept  alive.  On  December  7  the  injection  was  made  with 
fetal  calf  extract  prepared  as  described  above,  but  on  December  8  an  extract, 
prepared  by  extracting  the  pancreas  with  alcohol,  evaporating  to  dryness 
and  redissolving  the  residue  in  distilled  water,  was  used  with  the  result  that 
4  c.c.  caused  the  blood  sugar  to  fall  from  0.30  to  0.15  per  cent  in  one  hour. 
A  second  injection  of  this  extract  (12  c.c.)  was  given  at  1  p.m.  and  at  5  p.m. 
the  blood  sugar  was  0.12  per  cent.     It  will  be  seen  that  the  principle  upon 
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which  the  preparation  of  this  latter  extract  depends  is  the  same  as  that  of 
E.  L.  Scott^  and  the  favorable  results  led  us  to  see  whether  adult  pancreas 
could  be  used  in  place  of  fetal.  Six  c.c.  of  whole  gland  extract  prepared  as 
above  were  therefore  injected  daily  from  December  8  to  January  3  inclusive. 
On  January  4  the  administration  of  extract  was  discontinued  and  on  this  day 
the  dog  excreted  12.86  grams  of  sugar  in  a  volume  of  450  c.c.  of  urine.  The 
animal  was  in  good  condition  and  was  on  a  diet  of  lean  meat.  On  January 
5  it  was  not  so  hungry  or  so  lively  as  on  previous  days  and  4  grams  of  sugar 
in  350  c.c.  of  urine  were  excreted.  On  the  next  day  (January  6)  3.5  grams  of 
sugar  and  320  c.c.  of  urine  were  excreted  and  the  animal  was  in  a  very  poor 
condition  compared  with  that  of  a  few  days  previously.  On  January  6  the 
diet  was  changed  to  one  of  milk  and  biscuit  along  with  meat,  and  the  sugar 
excretion  rose  to  25  gm.  At  noon  on  January  7,  while  on  the  same  diet,  8  c.c. 
of  whole  gland  extract  were  injected  and  the  twenty-four  hours'  sugar  excre- 


Fig-   1-  Fig.  2. 

Figs.    1    and    2. — Dog    No.    33    nine    weeks    after    total    pancreatectomy. 

tion  was  found  to  be  22  gm.  A  further  injection  of  10  c.c.  of  extract  at  9  a.  m. 
on  January  8  brought  the  sugar  excretion  down  to  2.0  gm. 

The  original  weight  of  the  animal  (33)  was  10.1  kgm.,  and  one  week  after 
the  pancreatectomy  it  was  8.1  kgm.  This  was  maintained  fairly  constant 
throughout  the  second  and  third  weeks  after  the  operation  and  then  slightly 
increased.  From  the  fifth  to  the  ninth  week  (see  Figs.  1  and  2),  during 
which  time  daily  injections  of  6  c.c.  of  whole  gland  extract  were  given,  the 
condition  remained  good  and  was  so  on  the  63rd  day  when,  to  convince 
ourselves  that  the  extract  was  necessary  to  the  health  of  the  animal,  we 
discontinued  its  administration  for  three  days  (21,  22  or  23  of  January)  with 
the  result  that  the  dog  became  so  weak  that  it  was  barely  able  to  stand.  Ex- 
tract was  again  given  on  the  24  and  25  of  January  with  decided  improve- 
ment. On  January  27  when  the  dog  weighed  7.9  kgm.  it  was  killed  by  an 
overdose  of  chloroform  and  a  careful  autopsy  immediately  made  by  Dr.  W. 
L.  Eobinson,  Pathologist  at  the  General  Hospital,  Toronto.  His  report  is  as 
follows : 


REPORT    OF    AUTOPSY    FINDINGS    ON    DOG    NO.    33 

We  made  a  very  careful  examination  of  this  dog  with  the  object  of 
determining  if  any  pancreatic  tissue  had  been  left  from  the  operation,  or  if 
possible,  an  accessory  pancreas  were  present. 

The  area  formerly  occupied  by  the  pancreas  showed  no  gross  evidence 
of  pancreatic  tissue.  There  were  a  number  of  firm  fibrous  adhesions  about 
the  duodenum.  These  were  sectioned,  and  on  microscopic  examination  showed 
no  evidence  of  pancreatic  tissue  remaining  in  them. 

The  duodenum  was  then  examined  and  nothing  abnormal  found  except 
for  a  small  nodule  (see  Fig.  3)  about  3  mm.  in  diameter  situated  in  the  wall 
at  the  mesenteric  attachment  and  10  cms.  below  the  pylorus.     This  on  micro- 


Fig.   3. — Section  of  wall   of  duodenum  at  seat  of  pancreatectomy. 

scopic  examination  was  found  to  consist  of  what  is  apparently  a  nodule  of 
pancreatic  tissue,  lying  in  the  submucosa.  Serial  microscopic  sections  of  this 
however,  failed  to  show  the  presence  of  any  Islands  of  Langerhans. 

No  other  gross  or  microscopical  evidences  of  pancreatic  tissue  could  be 

found. 

(s)  W.  L.  Robinson, 
Pathologist, 
Toronto  General  Hospital. 

EXPERIMENT  III 

To  study  the  effect  of  an  intravenous  injection  of  whole  gland  (normal 
beef  pancreas)  extract  upon  the  blood  pressure  of  a  diabetic  animal,  Dog 
27  was  anestethized  and  its  blood  pressure  recorded.  (See  Fig  4.)  After 
the  intravenous  injection  of  five  c.c.  of  extract,  the  blood  pressure  fell  ap- 
proximately 50  mm.,  but  regained  its  original  level  in  less  than  two  minutes. 
The  effect  of  a  similar  dose  of  extract  upon  the  blood  sugar  of  an  unanesthe- 
tized  diabetic  animal  would  have  lasted  for  at  least  six  hours,  and  the  lowest 


^ 


level  would  have  been  reached  in  from  one  to  two  hours  after  the  injection. 
The  fact  that  administration  of  extract  to  this  animal  caused  very  little  fall 
in  the  blood  sugar,  indicates  that  in  anesthetized  diabetic  animals,  extract 
of  known  activity  causes  only  a  slight  reduction  in  the  blood  sugar,  a  fact 
which  we  had  observed  before.  Further  details  of  the  interrelationship  of 
the  effects  of  anesthesia  and  extract  will  be  reported  later. 

EXPERIMENT  IV 

The  purpose  of  reporting  this  experiment  is  to  show  the  relative  effects 
of  extracts  prepared  in  various  ways.     (No  attempt  was  made  to  prove  the 


Fig.    4. — Blood    pressure   tracing   following   administration   of   extract. 

dog  totally  diabetic,  nor  was  the  excretion  of  sugar  followed  closely  since 
we  wished  simply  to  ascertain  by  the  blood  sugar  whether  a  particular  ex- 
tract contained  the  active  principle  or  not).  On  December  8,  1921,  Dog  35 
(see  Chart  II)  was  completely  depancreatized.  The  animal  made  a  good  post- 
operative recovery.  On  December  11  we  injected  6  c.c.  of  an  extract  prepared 
from  the  pancreas  of  this  animal  in  the  following  way.  The  entire  pancreas 
immediately  after  removal  was  cut  into  small  pieces  which  were  put  into 
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Chart  2. — (1) — 6  c.c.  extract  whole  dog  pancreas  intravenously.  (2) — 10  c.c.  extract  whole 
cow  pancreas  per  stomach.  (3) — 10  c.c.  extract  whole  cow  pancreas  intravenously.  (4) — 10  c.c. 
extract  liver  intravenously.  (5)  — 10  c.c.  extract  spleen  intravenously.  (6) — 10  c.c.  extract  thyroid 
intravenously.  (7)  — 10  c.c.  extract  pancreas  intravenously.  (8)  — 10  c.c.  extract  thymus  intravenously. 
(9) — 6  c.c.  extract  whole  pancreas  of  cow  dialysed.  (10) — 10  c.c.  dried  extract  redissolved  in  saline. 
Dog   chloroformed    December    19.      Cachexia. 


0.2  per  cent  HCl  in  95  per  cent  alcohol  and  allowed  to  stand  till  December 
10.  It  was  then  macerated,  filtered,  and  the  clear  filtrate  evaporated  to 
dryness  in  a  warm  air  current.  On  December  11  this  dry  resin-like  residue 
was  emulsified  in  25  c.c.  Ringer's  solution  and  6  c.c.  were  given  intravenously 
at  10  A.M.    The  blood  sugar  dropped  from  0.46  to  0.18  per  cent  in  three  hours. 

On  December  12  at  3  p.m.,  20  c.c.  of  an  extract  made  from  the  pancreas 
of  a  cow  in  the  same  manner  as  outlined  above,  was  given  on  an  empty 
stomach  by  stomach  tube.  The  blood  sugar  fell  from  0.41  at  3  p.  m.  to  0.28  at  7 
p.  M.  At  9  p.  M.,  10  c.c.  of  this  same  extract  was  given  intravenously.  The  blood 
sugar  fell  from  0.28  at  9  p.m.  to  0.11  at  12  p.m.  On  December  13  (see  Chart 
II),  about  20  gm.  each  of  liver  (4),  spleen  (5),  thyroid  (6),  and  pancreas  (7) 
were  extracted  in  identically  the  same  manner  as  outlined  above.  There  was 
no  reduction  in  blood  sugar  following  the  intravenous  injection  of  extracts  of 
liver  or  spleen;  a  slight  fall  occurred  (from  0.35  to  0.27)  following  the  ad- 
ministration of  extract  of  thyroid  and  a  marked  one  (from  0.27  to  0.12)  fol- 
lowing one  of  pancreas. 

On  December  14  at  9:30,  10  c.c.  of  extract  of  thymus  (8)  made  in  the 
same  Avay  as  were  the  liver,  spleen  and  thyroid,  were  injected  intravenously. 
There  was  a  slight  temporary  fall  from  0.33  to  0.26  in  one  hour.  At  2  p.m., 
6  c.c.  of  an  extract  prepared  as  above  from  pancreas  and  which  had  been 
placed  in  a  parchment  dialyzer  in  running  water  for  twelve  hours  caused  the 
percentage  of  blood  sugar  to  fall  from  0.33  to  0.09  per  cent  in  three  hours. 

On  December  15  200  mg.  of  the  residue  of  ox  pancreas  extract  were 
washed  twice  in  toluol  and  then  in  95  per  cent  alcohol,  then  dried  again 
and  emulsified  in  saline.  At  10  a.m.  this  was  given  intravenously.  The  blood 
sugar  dropped  from  0.37  to  0.06  per  cent  in  four  hours.  On  December  16  at 
9  A.M.,  10  c.c.  of  concentrated  fetal  calf  extract  were  given  per  os.  Blood 
sugar  fell  very  slightl}^  (0.38  to  0.35  per  cent).  On  December  19,  the  animal, 
by  this  time  considerably  emaciated,  was  killed  by  chloroform. 

DISCUSSION 

The  foregoing  observations  were  undertaken,  partly  to  determine  whether 
extracts  having  an  antidiabetic  power  equal  to  those  prepared  from  the 
degenerated  pancreas  could  also  be  prepared  from  the  normal  gland,  and 
partly  to  find  out  whether  frequent  injection  with  active  extracts  would  prolong 
the  life  of  a  depancreated  animal  far  beyond  the  limit  of  time  which  such 
animals  ordinarily  survive.  In  connection  with  the  preparation  of  the  ex- 
tract it  has  been  found  that  fetal  ox  pancreas  and,  with  certain  modifications 
in  the  method  of  preparation,  adult  pancreas  as  well,  furnish  highly  potent 
extracts.  These  extracts  are  however  somewhat  toxic,  and  they  are  apt  to 
cause  local  abscesses  at  the  point  of  injection.  This  method  of  preparation  is 
being  materially  improved  by  various  important  modifications  which  are  being 
worked  out  by  Dr.  J.  B.  Collip  and  which  will  be  reported  in  the  near  future.  In 
connection  with  the  effect  of  the  extract  on  the  longevity  of  the  depan- 
created animal,  one  of  our  observations  would  seem  to  afford  fairly  con- 
clusive results,     This  animal  (33)  lived  for  seventy  days  and  at  autopsy  no 
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pancreatic  residues  were  found  by  macroscopic  examination  although  by 
microscopic  examination  of  serial  sections  of  the  duodenum  a  small  nodule  of 
pancreatic  tissue  (containing  no  islets)  was  found  in  the  submucosa.  It  does 
not  seem  likely  that  so  small  a  piece  of  pancreas  could  be  responsible  for 
the  maintenance  of  life  in  the  animal  but,  of  course,  the  experiment  is  not 
finally  conclusive.  We-  are  engaged  in  its  repetition  and  will  report  the  re- 
sults in  due  time. 

CONCLUSIONS 

By  intravenous  and  subcutaneous  injections  of  neutral  saline  extracts 
prepared  from  the  pancreas  of  the  bovine  fetus  at  about  the  fifth  month,  the 
percentage  of  blood  sugar  and  the  daily  urinary  excretion  of  sugar  are 
markedly  reduced  in  depancreated  dogs. 

Daily  injections  of  extract  of  pancreas  enabled  a  depancreatized  dog  to 
live  for  seventy  days. 

The  active  (antidiabetic)  principle  of  such  extracts  is  destroyed  by 
boiling  in  strongly  acid  reaction  but  it  is  not  affected  by  the  presence  of 
tricresol  which  may  therefore  be  used  as  a  preservative. 

The  depressor  action  of  the  extract  is  short-lived. 
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THE  BLOOD-FLOW  IN  MAN  AS  ESTIMATED  BY  THE  CALORIMETRIC 

METHOD  OF  STEWART* 


By  N.  B.  Taylor,  M.B.,  Toronto,  Canada 


A  REVIEW   OF    THE    METHODS   OF   BLOOD-FLOW    MEASUREMENT 

THE  value  of  dependable  blood-flow  estimations  in  man  with  regard  to  the 
investigation  of  many  problems  of  the  clinic  as  well  as  of  the  physiologic 
laboratory  has  never,  we  think,  been  in  doubt.  The  technical  difficulties  and 
limitations  of  the  methods  of  blood-flow  measurement  which  are  at  all  appli- 
cable to  the  human  subject  have,  however,  been  great  obstacles  to  the  general 
employment  of  these  methods  in  the  clinic.  The  plethysmographic  method  of 
Brodie  and  RusselP  as  modified  by  Hewlett  and  Van  Zwaluwenburg"  for  ob- 
servations upon  man,  is  useful  in  estimating,  for  short  periods,  the  volume 
flow  through  the  hands.  This  method  is  based  upon  the  increase  in  volume 
which  occurs  in  the  observed  part  when  a  pressure  sufficient  to  compress  the 
vein  but  inadequate  to  reduce  materially  the  calibre  of  the  corresponding 
artery,  is  applied  to  the  limb.  The  degree  of  swelling  of  the  limb,  which  is 
dependent  solely  upon  the  quantity  of  the  inflowing  blood,  is  indicated  by  a 
volume  recorder  whose  excursions  are  calibrated  to  represent  cubic  centi- 
meters of  blood.  By  noting  the  time  during  which  the  increase  in  volume 
occurs,  the  blood  flow  in  cubic  centimeters  per  minute  can  be  computed. 
When  used  to  measure  the  blood-flow  in  isolated  organs,  this  method,  ac- 
cording to  Brodie  is  very  accurate,  and  the  results  practically  coincide  with 
direct  estimations  made  with  the  stromuhr.  When  used  to  measure  the  flow 
in  the  arm  of  man,  however,  the  arterial  and  venous  pressures  tend  soon  to 
become  equalized,  and  in  this  way  an  artificial  slowing  of  the  blood  stream  is 
produced.     For  this  reason  it  is  only  for  comparatively  short  periods  that 
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reliable  estimations  can  be  made,  and  the  method  is  inapplicable  to  prolonged 
and  uninterrupted  observations  upon  blood-flow. 

Another  method  of  blood-flow  estimation,  the  gasometric,  is  commonly 
employed  in  physiologic  investigations.  This  is  based  upon  the  principle  first 
laid  down  by  Pick  which  states  that  if  the  total  consumption  of  oxygen  in  a 
given  time  be  known  and  the  degree  to  which  the  oxygen  saturation  of  the 
arterial  blood  exceeds  that  of  the  venous  blood  (i.e.,  the  volume  per  cent  of 
oxygen  taken  up  by  the  blood  in  its  passage  through  the  lungs)  be  determined, 
the  amount  of  blood  required  to  transport  this  quantity  of  oxygen  may  be 
calculated  therefrom.  Grehant  and  Quinquand^*  and  Zuntz^  used  this  method 
extensively  in  animals.  Plesch^  later  adapted  the  method  to  estimations 
upon  the  blood-flow  in  man  and  recently  its  teclmic  has  been  improved  in  sev- 
eral respects  by  Krogh  and  Lindhard."  Though  this  method  possesses  a  great 
measure  of  accuracy,  the  complexity  of  the  procedures  necessary  to  carry  it 
out,  and  the  exacting  nature  of  its  technie,  render  it  impracticable  for  rou- 
tine employment  in  the  clinic.  Furthermore,  such  estimations  give  the  amount 
of  blood  circulating  through  the  lungs  or  through  the  entire  body  in  a  given 
time  and  though  of  great  value  in  the  determination  of  the  minute  volume  of 
cardiac  output,  do  not  give  us  any  information  regarding  local  changes  in 
blood-flow  or  enable  us  to  learn  the  manner  in  which  certain  physiologic  or 
pathologic  states,  or  various  therapeutic  measures  afi'ect  the  flow  through  the 
peripheral  vessels. 

For  these  reasons  we  have  considered  the  calorimetric  method  as  devised 
by  G.  N.  Stewart^  to  be  the  most  suited  to  our  purpose.  In  this,  the  flow 
through  the  hand  (or  foot)  is  computed  from  the  heat  which  the  blood  cours- 
ing through  the  vessels  of  the  part  gives  off  to  a  known  body  of  water  con- 
tained in  a  calorimeter  and  in  which  the  hand  or  foot  is  immersed.  By  this 
method  the  blood-flow  can  be  estimated  practically  uninterruptedly  over  pro- 
longed periods,  and  yet  the  method  is  sensitive  enough  to  register  fairly 
abrupt  changes  in  flow  throughout  the  course  of  an  experiment.  The  technie 
once  mastered  is  not  difficult  or  burdensome  and  requires  no  special  labora- 
tory training  for  its  practice.  This  method,  however,  has  in  common  with 
that  based  upon  plethysmography,  the  obvious  disadvantage  that  its  applica- 
tion is  limited  to  those  parts  of  the  body  which  are  readily  accessible,  namely 
the  hands  and  feet. 

DESCRIPTION   OP   THE   CALORIMETRIC   METHOD 

The  part  under  investigation  is  placed  in  a  specially  designed  calorimeter. 
This  consists  of  a  cylindrical  Avater-tight  copper  vessel  8"  in  diameter  and  VI" 
deep.  Its  upper  end  is  closed  save  for  one  large  oval  opening  3"  x  4"  in  diam- 
eter through  which  the  hand  is  admitted,  and  two  smaller  ones,  one  for  the 
admission  of  a  thermometer  graduated  in  %o°  C.,  and  the  other  for  the  pas- 
sage of  a  metal  tube  which  conveys  the  compressed  air  used  as  the  water- 
mixing  agent.  The  copper  cylinder  is  contained  in  a  larger  vessel  16''  in 
diameter  and  14''  deep,  constructed  of  galvanized  sheet  metal.  The  two  ves- 
sels are  separated  from  one  another  by  granulated  cork  to  ensure  a  high 


degree  of  heat  insulation.  A  cork  slab  1"  thick,  in  which  orifices  correspond- 
ing to  those  present  in  the  inner  copper  vessel  are  cut,  closes  the  upper  end 
of  the  larger  vessel.  To  reduce  heat  loss  to  the  lowes-t  degree  possible,  a 
jacket  made  of  absorbent  cotton  1"  thick  contained  between  two  layers  of 
gauze,  is  fitted  snugly  to  the  outer  vessel  so  as  to  cover  its  top,  sides  and 
bottom.  That  these  measures  are  efficient  for  all  practical  purposes  in  ren- 
dering the  apparatus  heat-tight  is  shown  by  the  fact  that  the  cooling  of  the 
water  in  the  calorimeter  amounts,  at  average  room  temperature  to  only  .1°  C- 
.12°  C.  in  ten  minutes,  when  its  initial  temperature  is  33°  C. 

The  calorimeter  as  originally  designed  by  Stewart  was  provided  with  a 
pair  of  goose  feathers  to  serve  as  stirrers.  The  observer,  by  imparting  alter- 
nately up  and  down  and  to  and  fro  movements  to  the  latter,  which  were  admit- 
ted to  the  interior  of  the  calorimeter  through  two  small  openings  in  its  cover, 
endeavored  to  maintain  a  constant  agitation  of  the  water  therein,  with  the 
object  of  securing  thorough  mixing.  We  have  found,  however,  such  stirrers 
to  be  unsatisfactory  in  that  fluctuations  in  the  readings  of  the  thermometer 
occurred — unless  the  movement  was  very  vigorous — which  we  ascribed  to  imper- 
fect mixing.  Moreover,  when  readings  are  taken  every  minute  from  two  ther- 
mometers, as  is  the  case  when  each  hand  is  placed  in  a  calorimeter,  the  work 
of  the  observer  becomes  unduly  irksome. 

For  these  reasons  we  have  employed  compressed  air,  of  suitable  tempera- 
ture and  vapor  pressure,  as  the  stirring  agent.  This  was  conveyed  by  rubber 
tubing  from  the  compressed  air  supply  of  the  laboratory  to  a  flattened  coil 
of  lead  pipe  %''  in  calibre  and  pierced  by  pin-holes  at  intervals  of  one  to  two 
inches.  The  coil  was  placed  within  the  inner  vessel  of  the  calorimeter  where  it 
rested  upon  the  bottom  so  as  not  to  interfere  with  the  position  or  movements  of 
the  hand.  The  air  issuing  from  the  pin-holes  produced  numberless  small  bul)bles 
which  ascended  throughout  all  parts  of  the  liquid.  The  supply  of  air  was  so  ad- 
justed that  the  agitation  of  the  water  was  very  gentle.  Though  this  was  so, 
the  mixing  was  continuous  and  most  efficient.  Observations  upon  heating  of 
the  water  when  air-mixing  was  in  operation  and  when,  instead  of  the  hand 
being  inserted,  a  constant  source  of  heat,  for  instance  an  electric  lamp,  was 
immersed  in  the  water,  showed  a  steady  rise  of  temperature  without  fluctua- 
tions. The  curves  plotted  from  such  observations  were  practically  straight 
lines. 

In  order  that  there  should  be  no  increase  of  heat  loss  through  vaporiza- 
tion of  the  water  as  a  result  of  this  ebullition,  the  air,  before  its  entrance  into 
the  calorimeter  was  made  to  bubble  through  a  body  of  water  equal  in  depth 
and  of  the  same  temperature  as  that  in  the  calorimeter.  This  body  of  water 
which  served  as  an  adjuster  of  vapor  tension  was  contained  in  an  Erlenmeyer 
flask  of  2  litres  capacity.  As  an  assurance  that  the  temperature  of  the  enter- 
ing air  should  be  neither  higher  nor  lower  than  the  calorimeter  temperature 
and  should,  therefore,  neither  add  to  nor  diminish  this  temperature,  the  air 
was  passed  through  a  copper  worm  of  many  turns  immersed  in  a  body  of 
water  at  calorimeter  temperature  (i.e.,  30  to  33°  C.)  ;  and  contained  in  a  large 
galvanized  iron  vessel  of  fi  litre  cnpacity.    This  vessel  was  insulated  by  granu- 


lateci  cork  and  absorbent  cotton  in  a  manner  similar  to  that  employed  for  the 
calorimeter.  As  a  means  of  economizing  space  the  copper  worm  was  arranged 
so  as  to  embrace  the  Erlenmeyer  flask  and  the  whole  immersed  in  the  water. 

Each  calorimeter  was  provided  with  a  thermometer  graduated  to  %o°  C. 
Its  bulb  dipped  below  the  level  of  the  water.  By  means  of  a  powerful  convex 
lens  placed  a  few  inches  in  front  of  the  thermometer  and  a  telescope  at  a  dis- 
tance of  5  feet  or  so,  the  graduations  were  so  magnified  that  readings  to 
%oo°  C.  could  be  judged  with  a  fair  degree  of  accuracy.  Felt  cuffs  were  em- 
ployed to  encircle  the  wrist  and  seal  any  space  between  the  forearms  and  the 
calorimeter  opening. 

The  calorimeters  as  originally  designed  and  at  present  in  use  in  this  labo- 
ratory, are  inconvenient  for  clinical  work,  especially  for  cases  confined  to  bed 
and  seriously  ill.  This  is  due  to  the  fact  that  their  construction  provides  no 
protection  against  leakage  of  water  when  in  any  but  the  upright  position,  and 
in  a  recumbent  patient  it  is  most  difficult  to  get  the  apparatus  low  enough  to 
enable  the  hand  to  be  inserted.  Simultaneous  observations  upon  the  two 
hands,  on  account  of  the  width  of  the  bed,  is  quite  out  of  the  question.  We 
are  at  present  engaged  in  the  construction  of  a  calorimeter  which  will  enable 
it  to  be  placed  upon  its  side  without  leakage.  This  has  been  made  possible 
through  the  employment  of  a  specially  designed  rubber  sleeve,  which,  though 
water-tight  offers,  we  believe,  no  appreciable  obstruction  to  the  blood-flow. 
A  description  of  the  details  of  this  apparatus  is  reserved  for  a  future  com- 
munication. 

MODE  OF  PROCEDURE  IN   TAKING   A  BLOOD-PLOW   OBSERVATION 

A  known  quantity  of  water  usually  2500  to  3000  c.c.  at  a  temperature  of 
approximately  30.2°  C.  is  placed  in  the  calorimeter.  The  hand  of  the  subject, 
who  is  seated  comfortably  in  a  chair  of  adjustable  height  on  one  side  of  the 
apparatus,  is  placed  in  the  calorimeter  and  submerged  in  the  water  to  an 
arbitrary  line  previously  marked  upon  the  wrist  (usually  at  the  level  of  the 
styloid  process  of  the  ulnar)  by  a  blue  pencil.  The  arm  should  hang  from  the 
shoulder  in  an  easy  position  without  discomfort  or  straining.  The  hand  is 
kept  immersed  for  a  period  of  ten  minutes  during  which  time  no  readings  are 
taken.  The  felt  cuff  is  not  in  position  during  this  time.  This  initial  ten  min- 
ute period  is  for  the  purpose  of  permitting  the  temperature  of  the  solid  tissues 
of  the  hand  to  assume  a  steady  relationship  to  that  of  the  surrounding  water. 
Stewart  employed  a  separate  bath  for  this  purpose  but  we  have  found  it 
simpler  to  place  the  hand  directly  in  the  calorimeter  for  the  initial  immersion. 
At  the  termination  of  this  period  the  blue  line  on  the  wrist  is  more  precisely 
adjusted  to  the  level  of  the  water,  and  the  felt  cuff  fitted  snugly  to  the  wrist 
in  order  to  close  effectually  any  space  between  the  latter  and  the  margins  of 
the  opening,  and  so  render  the  apparatus  as  nearly  heat-tight  as  possible. 
Care  should  be  taken,  however,  that  the  cuff  is  not  applied  so  tightly  as  to 
obstruct  the  venous  return.  The  compressed  air  is  now  turned  on  and  read- 
ings of  the  thermometer  are  commenced  and  taken  at  one  minute  intervals 
for  ten  minutes.     At  the  conclusion  of  this  period  the  hand  is  removed  and 


the  oval  opening  in  the  calorimeter  closed  by  a  felt  disc.  Readings  at  one 
minute  intervals  are  continued  for  ten  minutes  longer  in  order  to  determine 
the  rate  of  cooling  of  the  calorimeter.  The  volume  of  the  hand  is  measured  by 
placing  it  in  a  graduated  vessel  containing  water.  The  amount  of  displaced 
water  gives  the  volume -of  the  hand.  In  cases  where  an  observation  is  taken 
upon  one  hand  only,  the  opposite  hand  should  be  kept  wrapt  up  to  protect 
it  from  draughts.  The  temperature  of  the  patient  is  taken  in  the  mouth, 
either  at  the  commencement  or  at  the  termination  of  the  experiment.  The 
pulse  rate  is  usually  taken  both  before  and  after  the  observation. 

CALCULATION    OP    THE   BLOOD-FLOW   FROM    THE   DATA   OBTAINED    FROM    THE 
FOREGOING   PROCEDURES 

Tlie   grams    of   blood  flowing   through   the   part   during   the   course    of   the   experiment 

are  calculated  from  the  following  formula: 

H  1 

Q  = X  — 

T  —  T'  S 

where  Q  represents  the  quantity  of  blood  in  grams,  H  the  heat  given  out  to  the  water  of 
the  calorimeter,  T  and  T'  the  temperatures  in  degrees  centigrade  of  the  arterial  and  venous 
bloods  respectively,  and  1/S  the  specific  heat  of  blood. 

The  factor  H  is  the  product  of  the  weight  of  the  water  of  the  calorimeter  in  grams 
by  the  degrees  centigrade  through  which  the  temperature  of  the  water  is  raised.  Since 
the  inner  vessel  of  the  calorimeter  and  the  tissues  of  the  hand  itself  are  raised  in  tempera- 
ture, the  mass  of  these  must  be  translated  into  terms  of  water  (water  equivalent).  The 
inner  vessel  upon  determination  has  been  found  to  have  a  water  equivalent  of  100  grams. 
The  water  equivalent  of  the  hand  is  taken  as  its  volume  multiplied  by  0.8.  This  latter 
figure  is  a  constant  arrived  at  by  Stewart  from  separate  experiments;  it  is  the  product 
of  the  specific  heat  of  the  hand  by  its  specific  gravity.  (In  the  case  of  the  foot  a  slightly 
lower  figure  is  used.)  H,  therefore,  is  made  up  of  several  components.  Employing  the  data 
of  an  actual  experiment  this  factor  may  be  expressed  as  follows: 

H  Wt.  of  water  equiv.  water  equiv.  degrees  rise  cooling 

in  gram       =  water  of  cal.  of  hand  in  temp.  of  cal. 

calories  (2500  +         100  +       (400x0.8))         x         (.5  +         .12) 

Since  the  blood  flowing  through  the  hand  is  the  only  source  of  this  heat  (for  the  heat 
generated  by  the  solid  tissues  is  inappreciable),  it  follows  that  if  we  can  determine  the 
number  of  degrees  centigrade  that  the  temperature  of  the  blood  has  fallen  in  its  passage 
through  the  tissues,  i.e.  from  the  arteries  to  the  veins,  we  may  arrive  at  the  number  of 
grams  of  blood  coursing  through  the  part  by  dividing  this  factor  into  H.  This  temperature 
drop  is  represented  by  T— T'.  The  mouth  temperature  is  taken  as  the  temperature  of  the 
arterial  blood.  (T).  The  venous  temperature  (T')  has  been  shown  by  Stewart  to  be  that 
of  the  average  temperature  of  the  water  in  the  calorimeter  throughout  the  course  of  the 
investigation.  This  implies  that  the  hand  is  a  perfect  radiator,  the  blood  giving  up  its 
heat  readily  to  the  surrounding  medium. 

The  specific  heat  of  blood  as  represented  by  1/S  is  taken  as  .9. 

Since  the  blood  flow  is  more  conveniently  expressed  in   grams  per   100  c.c.   of  tissue 
per   minute,    the    result,   as    obtained   from    the   foregoing   data    is   divided   by   the    duration 

V 

of  the  observation  in  minutes  and  by  the  volume  of  the  hand  over  100   ( ). 

100 
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Normal  Flow. — A  large  number  of  observations  have  been  made  upon  the 
blood-flow  of  apparently  normal  individuals.  The  subjects  were  of  both 
sexes  and  young,  their  ages  varying  from  twenty  to  thirty-five  years.  In  the 
majority  of  the  cases,  observations  were  made  simultaneously  upon  the  two  hands, 
readings  being  taken  every  minute  for  periods  of  ten  minutes.  The  tempera- 
ture of  the  room  used  for  the  investigations  was  kept  constant  from  day  to 
day  during  the  winter  months,  the  daily  fluctuations  as  a  rule  not  exceeding 
1  or  two  degrees  in  magnitude.  In  order  to  eliminate  the  influence  of  the 
outside  temperature,  the  subject  spent  a  period  of  one  hour  or  more  in  the 
observation  room,  or  at  least  in  a  room  of  the  same  temperature,  before  the 
observation  was  commenced.  In  summer  no  measures  were  taken  to  regulate 
the  room  temperature,  it  consequently  varied  directly  with  the  temperature 
of  the  day.  The  features  which  stand  out  prominently  as  an  outcome  of  this 
series  are  : 

(1)  The  marked  differences  in  the  volume  of  the  blood-flow  in  different 
individuals  subjected  to  the  same  conditions. 

(2)  The  variability  of  the  flow,  in  relation  to  the  temperature  of  the  out- 
side air,  in  the  same  individual. 

(3)  The  fluctuations  in  the  flow  in  the  same  individual  during  the  course 
of  an  experiment. 

We  shall  consider  these  different  features  of  the  normal  flow  in  order, 
(1)  The  differences  in  the  volume  of  the  hlood-flow  in  different  individuals 
suhjected  to  the  same  conditions. — The  flow  has  been  found  to  vary  from  1  gram 
per  100  c.c.  of  hand  tissue  per  minute  in  some  individuals,  to  12  grams  or  more 
per  100  c.c.  per  minute  in  others,  when  the  room  temperature,  time  of  day, 
and  the  interval  following  a  meal,  were  approximately  the  same  in  all  cases. 
Since  the  right  hand  almost  invariably  showed  a  higher  blood-flow  (from  10 
per  cent-20  per  cent),  the  flow  in  hands  of  the  same  side  were  always  com- 
pared. 

The  series  of  experiments  upon  which  these  conclusions  are  based  was 
conducted  during  the  winter  months,  and  it  Avas  insisted  that  the  subjects 
should  be  in  the  building  for  from  one  to  two  hours  before  the  test  wa.s  com- 
menced, and  that  the  hand  should  be  in  the  calorimeter  for  ten  minutes  before 
the  first  reading  was  taken.  Several  observations  (5  or  more)  were  taken 
upon  each  individual.  The  duration  of  the  observations  varied  from  ten  to 
thirty  minutes,  the  duration  of  the  majority  approaching  the  latter  figure. 
Readings  were  taken  every  minute  and  the  blood-flow  computed  for  five-min- 
ute periods.  Even  though  the  hands  had  been  in  the  calorimeters  for  ten 
minutes  before  the  actual  estimations  were  made,  the  first  few  readings  were 
sometimes  erratic,  the  temperature  not  rising  by  equal  increments  in  succes- 
sive one-minute  periods.  Such  readings  were  discarded  as  undependable, 
only  those  being  taken  after  a  steady  rise  had  been  reached.  By  calculating 
the  results  in  five-minute  periods  minor  errors,  due  to  inequality  in  tempera- 
ture rise,  or  in  thermometer  readings,  were  minimized.     Calculation  of  the 
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Comparison  of  Blood-Flow  in  Different  Normal  Individuals 
(in  gms.  per  100  c.c.  of  tissue  per  min.) 


SUBJECT 

DATE 

PERIOD 
OF  OB- 

SERV. 

MAX. 
FLOW 

MIN. 
FLOW 

AVERAGE  FLOW 

DURING 
ENTIRE  PERIOD 

ROOM 
TEMP. 

TEMP. 
OF  DAY 

RELATIVE 
HUMIDITY 

BAROMETRIC 
PRESSURE 

Mills. 

Grams 

Grams 

Grams 

°c. 

% 

In  mm.  of  Hg. 

J.  c. 

20/2/2C 

30 

2.1 

0.5 

1.3 

22.2 

-1.8 

73 

757 

8/3/20 

20 

2.5 

0.6 

1.7 

23.3 

-4.1 

58 

754 

20/3/20 

20 

2.0 

0.1 

1.1 

22 

-1.7 

65 

753 

30/3/20 

10 

2.2 

1.3 

1.7 

22 

4.9 

62 

747 

-  c. 

13/8/19 

30 

_ 

_ 

1.8 

20 

20 

_ 

19/8/in 

30 

- 

- 

2.7 

21.5 

21.5 

- 

— 

18/9/19 

30 

- 

- 

0.7 

16.5 

16.5 

- 

— 

R.  H. 

24/2/20 

30 

13.1 

7.7 

10.7 

22 

-4.7 

74 

744 

9/.3/20 

30 

25.0 

18.3 

21.2 

26 

3.2 

69 

754 

9/3/20 

30 

27.4 

20.8 

23.6 

26 

2.6 

72 

753 

16/3/20 

30 

11.5 

2.4 

7.0 

21.8 

7.3 

74 

741 

24/3/20 

30 

10.3 

2.8 

5.0 

20 

15.8 

33 

753 

25/5/20 

10 

13.0 

11.4 

12.2 

23.8 

25.6 

59 

748 

2/6/20 

10 

7.6 

2.2 

4.9 

19 

19.5 

60 

755 

S.  P. 

9/4/20 

20 

7.3 

5.4 

6.4 

25 

1.4 

42 

749 

3/6/20 

10 

12.3 

7.3 

9.8 

23 

22.4 

27 

754 

7/6/20 

10 

3.3 

3.2 

3.3 

19.5 

22.4 

35 

753 

15/6/20 

10 

9.7 

7.6 

8.6 

23.5 

20.8 

92 

744 

16/6/20 

10 

7.4 

5.6 

6.5 

20 

17.4 

79 

743 

29/9/20 

10 

6.3 

3.8 

5.0 

19.2 

10.3 

86 

749 

13/10/20 

10 

6.1 

5.7 

5.9 

20.5 

17.5 

77 

753 

15/10/20 

10 

5.6 

4.4 

5.0 

21 

21.4 

61 

754 

D.  H. 

26/2/20 

30 

9.8 

5.2 

7.8 

22 

-12.9 

63 

748 

19/10/20 

30 

2.2 

0.6 

2.0 

18 

14.1 

96 

755 

30 

8.2 

5.1 

6.3 

22.5 

22/10/20 

30 

8.0 

6.4 

7.2 

22.5 

20.8 

77 

755 

22/10/20 

10 

8.7 

7.1 

7.8 

22.5 

20.8 

77 

755 

25/10/20 

10 

4.2 

1.9 

3.0 

20 

14.9 

62 

752 

1/11/20 

10 

0.1 

5.0 

5.5 

22.2 

4.4 

82 

760 

2/11/20 

30 

6.2 

1.6 

3.7 

20 

10.5 

99 

760 

K.  H. 

26/3/20 

10 

7.8 

6.5 

7.2 

21 

17.2 

73 

737 

31/3/20 

10 

5.4 

2.2 

4.0 

19.2 

7.1 

72 

749 

7/4/20 

10 

17.8 

11.3 

15.2 

23 

1.1 

65 

743 

13/4/20 

10 

14.4 

11.1 

12.7 

21 

3.7 

58 

741 

21/4/20 

10 

15.0 

8.4 

12.4 

20.3 

6.8 

99 

740 

13/4/20 

10 

14.0 

9.3 

12.2 

21 

3.7 

58 

741 

average  flow  throughout  the  entire  list  was  based  upon  these  five-minute 
estimations.  Table  I  will  illustrate  the  diiiferences  in  six  individuals.  It  is 
seen  that  J.  C.  exhibits  a  very  meagre  flow,  and  though  in  good  health  and 
normal  in  every  way,  consistently  showed  a  flow  of  from  1  to  2  grams  per 
minute.  Only  on  two  occasions  out  of  8  did  the  average  flow  exceed,  or  even 
reach,  2  grams  per  minute.  In  both  these  instances  the  subject  previously 
had  unwittingly  performed  light  muscular  work.  All  the  observations  were 
made  at  low  out-of-doors  temperatures.  R.  H.  shows  the  greatest  flow.  The 
extremely  large  flow  in  two  observations  on  this  subject  is  no  doubt  due  in 
part  to  the  unusually  high  room  temperature.     Even  for  this  temperature, 


towever,  the  flow  is  considerably  higher  than  the  average.    S.  P.  for  instance 
shows  a  flow  of  only  6.4  gms.  when  the  room  temperature  was  25°  C. 

(2)  The  variability  of  the  flow  in  relation  to  the  temperature  of  the  outside 
air. — In  the  summer  and  early  fall  when  the  temperature  of  the  observation 
room  was  the  same  as  the  outside  air,  the  rise  and  fall  of  the  blood-flow  in 
relation  to  the  outside  temperature  was  most  definite  and  pronounced.  In 
winter,  on  the  other  hand,  when  the  observation  room  was  artificially  heated, 
the  temperature  of  the  atmosphere  of  the  room  at  the  time  of  the  experiment 
was  found  to  have  little  influence  upon  the  blood-flow  unless  the  subject  was 
resident  in  the  heated  room  for  a  considerable  time.  The  temperature  of  the 
outside  air  was  the  dominating  influence  and  remained  so  for  at  least  two 
hours   after   the   subject's   entry   into   the   building.      The   following   curves 
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Fig.     1. — Showing-     the     influence    of    temperature     upon     the     blood-flow.       Continuous     line=: blood-flow ; 

broken    line  =  temperature    of    outside    air. 

(Fig.  1)  illustrate  the  (direct  qualitative)  relationship  which  peripheral  blood- 
flow  bears  to  atmospheric  temperature.  These  flgures  are  also  given  below 
in  tabular  form  (cf.  Table  II). 

The  continuous  line  represents  the  blood-flow  in  grams  per  minute  per 
100  CO.  of  hand  substance.  The  broken  line  represents  the  temperature  of 
the  day  in  degrees  centigrade.  The  days  of  the  month  for  both  curves  are 
indicated  along  the  abscissae. 

In  some  instances  as  in  the  case  of  C-,  a  quantitative  relationship  between 
blood-flow  and  atmospheric  temperature  is  seen  to  exist.  In  the  following 
•Chart  (Fig.  2)  this  is  shown,  the  daily  temperatures  are  plotted  along  the 
abscissae  and  the  grams  of  blood  along  the  ordinates.    The  graph  shows  that 
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a  rise  of  1°  C.  causes  a  much  greater  change  in  blood-flow  as  the  temperature 
increases.  There  is  reason  to  believe  that  the  deviations  of  the  curve  from  a 
smooth  line  are  dependent  upon  variations  in  the  cooling  influence  of  the 
atmosphere  apart  from  its  temperature,  for  we  have  found  a  relationship  to 
exist  between  the  humidity  and  the  blood-flow.  Owing,  however,  to  the  lim- 
ited number  of  our  observations,  we  are  unable  at  present  to  make  any  definite 
assertion  in  this  regard.  The  fluctuations  in  the  curve  were  not  found  to 
bear  any  relationship  to  the  barometric  pressure. 

(3)  The  fluctuations  in  flow  in  the  same  individual  during  the  course  of  the 
experiment. — One  of  the  outstanding  features  of  the  blood-flow  estimations 
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Fig.    2. — Showing    tlie    influence    of    the    temperature    of    the    outside    air   upon    the    blood-flow. 


F'g-    3.-r-Showing    fluctuations    in    the    blood-flpw    during    the    course    of    an    experiment. 


IX 


in  all  the  individuals  examined  was  the  marked  variability  in  the  volume  of 
the  flow,  that  occurred  within  a  comparatively  short  period  of  time.  The 
augmentation  or  diminution  in  the  flow  which  occurs  above  or  below  the 
mean,  is  of  considerable  magnitude,  amounting  in  some  cases  to  as  much  as 
20  or  50  per  cent  of  the  latter.  The  following  curve  and  table  illustrate  this 
well  (Fig.  3'  and  Table  III.)  In  this  curve  the  flow  had  been  estimated  for 
five-minute  periods.  When  ten  minute  estimations  are  made  the  fluctuations 
disappear  to  a  large  extent,  indicating  that  they  occur  at  a  certain  rate  and 
are  of  a  deflnite  duration. 

Table  II 
Showing  the  Influence  of  the  Tempekatuke  of  the  Outside  Air  upon  the  Blood-Flow 


part 

DATE  OF 

OUTSIDE  TEMPERATURE,  IN 

GRAMS  OF  BLOOD 

SUBJECT 

observed 

observation 

DEGREES  CENTIGRADE,  AT 
TIME  OF  OBSERVATION 

PER  100  C.C.  OF  TISSUE 
PEE  MINUTE 

G- 

L.  hand 

13/8/19 

20 

1.8 

19/8/19 

21.5 

2.7 

28/8/19 

17.5 

1.3 

4/9/19 

20.4 

1.9 

11/9/19 

19 

1.3 

18/9/19 

16.51 

0.7 

25/9/19 

18.6 

1.4 

30/9/19 

22 

3.9 

W- 

Rt.  hand 

13/8/19 

22.2 

9.7 

19/8/19 

23.1 

12.1 

28/8/19 

19.9 

10.65 

4/9/19 

22.1 

12.55 

11/9/19 

22.0 

12.10 

18/9/19 

18.2 

9.8 

29/9/19 

20.9 

11.2 

The  fluctuations  could  not  be  accounted  for  by  changes  in  the  tempera- 
ture of  the  room,  psychologic  influences  (special  precautions  having  been  taken 
against  the  latter),  variations  in  the  pulse-rate  or  the  presence  of  draughts. 
In  all  experiments  the  room  temperature  remained  practically  constant 
throughout  and  the  subject  was  guarded  against  draughts  which  might  pro- 
duce a  local  depression  of  temperature.  The  pulse  rate  was  taken  before  and 
after  the  observation  and  in  most  cases  showed  little  or  no  alteration.  As 
usual  the  calculations  were  made  from  readings  taken  after  the  thermometer 
assumed  a  steady  rise  in  temperature.  If  the  earlier  readings  showed  irreg- 
ular rises  they  were  discarded.  The  hand  in  all  cases,  it  is  to  be  recalled, 
remains  in  the  calorimeter  for  ten  minutes  before  the  readings  are  commenced. 
The  variations  in  flow  were  not  of  the  same  dea:ree  in  all  subjects,  some 
showing  much  greater  fluctuations  than  others.  This  mav  indicate  a  greater 
or  less  stability  of  the  vasomotor  system  in  different  individuals.  One  may 
only  speculate  with  regard  to  the  cause  of  these  fluctuations.  They  are  pos- 
sibly due  to  automatic  discharges  from  the  vasomotor  centres,  but  on  the 
other  hand  they  may  be  of  a  reflex  nature,  and  dependent  upon  some  changing 
condition  which  we  have  so  far  been  unable  to  discern.  Practically  all  the 
subjects  examined  showed  a  decided  decline  in  the  volume  of  the  blood-flow 
toward  the  latter  part  of  the  observation,  unless  this  was  of  short  duration. 
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This  fact,  already  remarked  upon  by  Stewart,  will  be  made  evident  also  from 
consultation  with  Table  III  and  Fig.  3.  The  improbability  of  the  fluctuations 
being  due  to  faults  in  the  method  of  estimation  and  of  being  independent  of 
alterations  in  the  blood-flow  itself,  was  shown  by  a  series  of  observations 
taken  over  prolonged  periods,  upon  the  cooling  of  the  water  in  the  calorimeter 
when  the  hand  was  not  immersed.  The  conditions  under  which  this  series 
of  tests  was  carried  out  were  identical  with  those  under  which  the  blood-flow 
measurements  were  conducted;  the  method  was  employed  in  precisely  the 
same  way.  These  tests  of  which  15  were  made,  were  of  one  hour's  duration, 
readings  being  taken  every  minute  over  this  period.  The  graph  plotted  from 
the  changes  in  temperature  recorded  each  minute  over  the  entire  period,  is 
a  straight  line  (see  Fig.  4,  interrupted  line). 

The  converse  experiment,  namely,  of  placing  a  constant  source  of  heat, 
such  as  a  lighted  electric  lamp,  beneath  the  water  of  the  calorimeter,   and 


Table   III 
Showing  Fluctuations  in  the  Blood-Flow  During  the  Course  of  an  Experiment 


GMS. 

blood 

GMS. 
BLOOD 

SUB- 

PART 

PER  100 

ROOM 

SUB- 

OB- 

PER 100 

ROOM 

JECT 

DATE 

OB- 
SERVED 

time 

C.C.  OP 

TISSUE 

PER  MIN. 

TEMP. 
°  C. 

JECT 

DATE 

SERVED 

TIME 

C.C.  OF 

TISSUES 
PER  MIN. 

TEMP. 

°  C. 

L. 

P.M. 

L. 

P.  M. 

-W. 

13/2/20 

Ilaud 

4.20 
.25 
.30 
.35 

13.0 

8.3 
13.7 
10.5 

E.  J. 

5/3/20 

Hand 

3.50 
.55 

4.00 
.05 

8.4 
6.0 

6.8 
7.0 

23.7° 

20/2/20 

.40 

9.2 

D.D.II. 

V3720" 

.10 
.15 

3.7 
5.6 

J.C. 

<( 

3.27 
.30 

1.1 

0.5 

22.2° 

( ( 

2.49 

10.3 

24.5° 

.33 

2.1 

.54 

12.8 

.30 

1.6 

.59 

8.6 

.39 

2.1 

3.04 

10.9 

.42 

1.6 

.09 

9.2 

.45 

.48 

1.6 
1.1 

.14 

10.4 
16.1 

—  S. 

8/3/20 

( < 

3.50 

24° 

.51 

1.1 

.55 

12.0 

.54 

0.8 

4.00 
.05 

15.6 
14.8 

K.H. 

25/2/20 

<( 

3.50 

9.1 

25° 

.55 

9.4 

.10 

9.4 

4.00 
.05 

8.5 
9.5 

R.  n. 

9/3/20 

.15 

10.1 

<  ( 

2.45 

25.6 

26° 

.10 

6.5 

.50 

22.5 

.15 

3.7 

21°" 

.55 
3.00 

27.4 
23.5 

N.B.T. 

26/2/20 

li 

12.0G 

6.0 

.11 

4.7 

.05 

21.9 

.16 
.21 

5.0 

4.7 

.10 

20.8 

M.  S. 

10/4/20 

<  ( 

12.14 

3.9 

24° 

.26 

3.7 

.19 

3.2 

.31 

5.1 

.24 

.29 

5.1 
3.1 

E.J. 

27/2/20 

(< 

3.13 

6.9 

23° 

.18 

9.1 

.34 

3.7 

.23 

6.5 

.39 

3.4 

.28 

5.1 

.33 

7.8 

.38 

9.5 

13 


recording  each  minute  the  temperature  rise,  was  also  performed.  A  graph 
plotted  from  these  observations  is  also  practically  straight  (Fig.  4,  continuous 
line),  but  is  of  course  an  ascending  one. 

That  the  fluctuations  in  the  blood-flow  curves  are  well  within  the  limits 
of  experimental  error  is  also  evident  from  the  calculations  given  below.  As 
stated  elsewhere,  the  thermometers  used  were  graduated  to  0.1°  C.  By  mag- 
nification, readings  to  0.01  could  be  judged.  The  probable  error  resulting 
from  the  thermometer  readings,  when  five  minute  computations  of  flow  were 
made,  has  been  estimated  to  be  0.02°  C.  It  is  seen  from  the  following  equa- 
tion that  a  difference  in  temperature  of  0.02°  C.  would  represent  a  difference 
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Fig.    4.— Curves    of    temperature    rise    and    fall.      Dotted    line    joins    readings    taken    during    cooling 
of  calorimeter   and   the   continuous  line   those   while   it   was   being   warmed    by   an   electric   lamp   submersed 


in  the  water. 


in  blood-flow  of  about  0.5  of  a  gram  only,  whereas  the  variations  in  flow 
shown  in  Table  III  and  curve  three  are  of  a  magnitude  of  several  grams. 
2500  +  100  +  (400  X  0.8)  x  0.02        10 


0.49  grams  per  100  c.c.  per  minute. 
4  X  5  X  (37.00  -  30.50)  .9  «  i 

Mean  values  from  a  large  number  of  observations  were  taken  as  the  data  for 
the  hand  volume,  and  for  the  venous  and  arterial  temperatures,  in  the  fore- 
going equation.  For  the  production  of  the  large  variations  shown  in  some  of 
these  curves,  an  error  of  from  .1°  to  .2°  C.  in  the  thermometer  readings  would 
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have  to  occur.    It  is  quite  impossible  that  an  error  even  approaching  this  figure 
could  exist. 

Observations  upon  the  reflex  changes  in  hlood-floiv  through  the  hands  fol- 
lowing certain  local  measures,  e.g.,  applications  of  hot  and  cold  water,  and 
draught. — For  the  sake  of  greater  convenience  and  in  order  to  eliminate  cer- 
tain technical  difficulties  the  great  proportion  of  observations  upon  the  reflex 
changes  in  blood-flow  in  the  two  hands  was  made  by  placing  one  hand  only  in 
the  calorimeter  and  estimating  the  blood-flow  through  it  while  the  particular 
measure,  the  effect  of  which  was  under  investigation,  was  directed  to  the 
opposite  hand.  Such  a  procedure  implies  that  the  blood-flow  in  the  two  hands 
responds  similarly  when  a  given  stimulus  is  applied  to  one,  in  other  words,  the 
homolateral  is  taken  to  be  identical  with  the  contralateral  reflex.    We  believe 

Table  IV 
Vascular  Reflex  to  Cold 


GRAMS 

OF  BLOOD  PER  100  C.C.  OF 

rissuE 

DATE 

PER  MINUTE 

ROOM  T. 

MOUTH 
TEMP. 

PULSE  RATE 

SUBJECT 

RIGHT  HAND 

LEFT  HAND 

PER  MIN. 

A 

B 

G 

A 

B 

c 

J.E. 

16/3/21 

10.8 



4.7 

8.9 

8.5 

8.7 

23°C. 

36.8°C. 

73-68 

* 

30/3/21 

4.4 

3.0 

4.2 

5.2 

4.1 

5.6 

17° 

36.7° 

71-64 

* 

4/4/21 

11.1 

8.2 

2.5 

10.0 

6.8 

6.3 

19.6° 

37° 

80-70 

D.  D.  H.* 

16/3/21 

9.7 

1.2 

5.0 

9.5 

2.7 

2.4 

23.8° 

36.8° 

89-84 

* 

21/3/21 

4.6 

2.6 

0 

2.2 

1.3 

1.8 

20.4° 

36.7° 

88 

« 

24/3/21 

6.1 

2.2 

0.2 

4.7 

1.3 

1.9 

19.7° 

37.2° 

80-77 

5/4/21 

3.5 

2.4 

2.8 

4.6 

4.4 

3.7 

21° 

37.1° 

93-80 

* 

11/4/21 

7.3 

6.3 

0.4 

6.1 

3.0 

2.2 

20° 

36.6° 

93 

J.  L.  * 

17/3/21 

7.3 

4.0 

1.1 

8.7 

7.8 

7.4 

21.5° 

36.8° 

95-84 

21/3/21 

8.3 

2.6 

3.6 

5.5 

5.9 

4.5 

20.1° 

36.7° 

92-88 

31/3/21 

6.2 

3.6 

2.6 

5.2 

5.0 

6.6 

20.3° 

36.5° 

78 

G.  D. 

18/3/21 

9.3 

3.1 

0 

10.7 

7.2 

8.2 

19° 

36.7° 

96-92 

* 

1/4/21 

8.6 

5.1 

3.4 

8.3 

6.1 

6.0 

17° 

37.2° 

90-92 

* 

5/4/21 

13.5 

5.9 

5.1 

12.2 

8.1 

10.7 

21.2° 

37.3° 

100-96 

N.  R.  H. 

28/3/21 

7.4 

5.9 

6.1 

4.8 

4.7 

4.4 

17.4° 

37.7° 

78 

* 

1/4/21 

2.5 

2.9 

0.6 

2.5 

2.1 

1.9 

17.3° 

36.6° 

82-80 

4/4/21 

9.8 

8.7 

4.8 

8.8 

5.2 

4.6 

19.1° 

37.1° 

88-80 

A  ^  normal  flow  for  10". 

B  =  Right    calorimeter    emptied    and    filled    with    water    at    abiiut    10°    C. 

C  =  Right    calorimeter    emptied    and    refilled    with    water    at    about    .51.5°    C. 

that  such  a  conclusion  is  warranted  by  our  experiments.  The  graphs  in 
Fig.  5  were  plotted  from  an  experiment  in  which  both  hands  were  placed  in 
calorimeters  and  blood-flow  estimations  made  upon  each  while  the  tempera- 
ture of  the  water  in  one  calorimeter  (left)  was  lowered  to  10°  C.  It  is  seen 
that  though  the  two  curves  are  at  slightly  different  levels,  they  follow  roughly 
the  same  course.  The  opposite  hand,  it  is  seen,  has  responded  rather  more 
promptly  to  the  excitant ;  this,  however,  is  not  the  case  as  a  rule.  The  experi- 
ment which  supplied  the  data  for  these  curves  was  a  protracted  one  and  there 
appears  to  be  a  tendency  for  the  flow  to  rise  toward  the  end  of  the  observa- 
tion.   This  may  indicate  a  reduction  of  constrictor  tone  due  to  fatigue. 

Table  IV  was  compiled  from  a  series  of  experiments  carried  out  with  a 
view  to  determine  the  response  of  both  hands  when  the  water  in  one  cal- 
orimeter only  was  lowered.     The  other  calorimeter  contained  water  at  the 
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usual  temperature  of  30°-31°  C.  The  results,  however,  do  not  show  in 
all  cases  similar  responses  in  both  hands.  The  experiments  marked  with 
an  asterisk  alone  show  a  similar  response  in  the  two  hands,  but  even  in  these, 
the  response  of  the  contralateral  hand  was  not  so  marked  as  those  obtained 
for  similar  temperature  differences  in  later  experiments  when  the  flow  in  one 
hand  only  was  measured.  The  inaccuracies  involved  in  measuring  the  blood- 
flow  of  one  hand  while  it  was  immersed  in  water  at  10°,  instead  of  the  usual 
30  to  31°,  we  believe  are  responsible  for  these  differences.  It  will  further  be 
observed  that  the  curtailment  of  flow  persists  during  the  ten  minute  period 
(C)  following  that  of  the  application  of  cold. 

In  order  to  avoid  these  difficulties  in  determining  the  relative  responsive- 
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Fig.  5. — Vascular  reflexes  to  cold.  Thin  line  gives  blood-flow  in  left  hand  placed  in  a  calorimeter, 
the  temperature  in  which  was  lowered  by  adding  cold  water.  The  thick  liiie  gives  the  blood-flow 
in   the   opposite   hand. 
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ness  of  the  hands,  instead  of  using  cold  water  as  the  cooling  agent,  we  have 
employed  a  draught  produced  by  an  electric  fan.  Blood-flow  measurements 
were  made  upon  both  hands  placed  in  calorimeters  with  water  about  31°  and 
a  fan  allowed  to  play  upon  one  arm  only,  the  opposite  arm  being  shielded. 
Table  V  shows  that  the  contralateral  hand  responds  to  the  air  current  as 
promptly,  and  to  very  nearly  the  same  degree,  as  the  hand  on  that  side  to  which 
the  draught  was  directed.     Experiments  were  also  performed  to  decide  whether 
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Fig.  6. — Vascular  reflex  to  cold.  Flow  through  left  hand  liefore,  during  and  after  immersion 
of   the    right   hand    in    cold    water. 

Fig.  7. — Vascular  reflex  to  draught.  Flow  through  Ic^ft  hand  before,  during  and  after  allowing 
a  fan  to  blow  ou  the  exposed  elbow   of  the  same  side. 
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both  hands  responded  similarly  when  heat  was  applied  to  one.  In  all  cases 
when  one  hand  was  placed  in  hot  water  an  increase  in  blood-flow  through 
both  hands  occurred,  the  increase  bearing  practically  the  same  ratio  to  the 
normal  in  the  two  hands.  Owing  to  the  close  agreement  of  the  blood-flow  in 
the  two  hands  the  estimations  in  the  folloAving  experiments  were  made  upon 
one  hand  alone. 

(1)  Effect  of  the  local  application  of  cold  water  to  one  hand  upon  the  Mood- 
flow  in  the  opposite  hand. — The  following  curve  and  Table  (Fig.  6  and  Ta- 
ble VI)  illustrate  the  effect  of  cold  upon  the  blood-flow  in  the  hand.  The 
right  hand  was  placed  up  to  the  Avrist  in  a  basin  of  water  at  from  5°-8°  C.  and 
kept  immersed  for  a  period  of  ten  minutes.  Readings  upon  the  flow  through 
the  left  hand,  placed  in  the  calorimeter  were  taken  each  minute.  A  prelim- 
inary observation  of  ten  minutes  upon  the  blood-flow  in  the  left  hand  was 
made  prior  to  the  immersion  of  the  right  in  the  cold  water,  in  order  to  obtain 

Table   V 
Vascular  Reflex  to  Draught 


GRAMS 

OF  BLOOD  PER   100  C.C.   OP  TISSUE 

DATE 

PER  MINUTE 

ROOM 

TEMP. 

"C. 

MOUTH 

TEMP. 

°C. 

PULSE  RATE 

SUBJECT 

RIGHT    HAND 

LEFT    HAND 

PER  MIN. 

A 

B 

C 

A 
^0"" 

B 

c 

10" 

10" 

10" 

10" 

10" 

J.  E. 

30/5/21 

16.1 

4.0 

9.9 

13.9 

7.1 

10.1 

22.8° 

37.4° 

94-82 

2/6/21 

6.0 

1.1 

2.6 

6.1 

1.7 

3.1 

19.1° 

36.9° 

78-68 

9/1G/21 

10.4 

2.6 

3.8 

8.7 

4.0 

6.1 

19.8° 

36.5° 

64 

J.  L. 

26/5/21 

10.8 

4.4 

7.3 

10.6 

5.4 

7.3 

18.8° 

36.9° 

90-80 

31/5/21 

16.4 

14.0 

13.9 

12.1 

10.0 

10.8 

22.4° 

36.8° 

87 

3/6/21 

14.0 

6.1 

9.1 

9.2 

4.1 

6.3 

20.4° 

36.9° 

85-80 

F. 

1/6/21 

6.2 

1.7 

3.4 

5.3 

1.2 

4.2 

20.4° 

36.3° 

70-68 

D.  D.  H. 

30/5/21 

6.9 

3.1 

6.3 

7.5 

5.2 

6.1 

22° 

36.8° 

92-88 

31/5/21 

16.4 

6.3 

5.7 

10.2 

4.0 

2.7 

22.7° 

36.9"' 

90 

S.  U.  P. 

27/5/21 

5.0 

3.6 

3.6 

5.6 

4.6 

4.4 

19.3° 

36.9° 

68-66 

16/6/21 

9.5 

5.2 

8.2 

8.7 

7.0 

7.7 

22.7° 

36.8° 

6664 

21/6/21 

6.8 

5.2 

5.7 

7.4 

6.4 

5.8 

22° 

36.3° 

66-59 

22/6/21 

9.4 

8.1 

7.2 

11.6 

9.2 

9.0 

24.8° 

36.9° 

67-64 

B. 

2/6/21 

9.3 

5.0 

4.3 

6.1 

3.1 

4.0 

18.7° 

36.7° 

66-61 

C.  N. 

4/6/21 

6.2 

1.7 

3.4 

5.5 

3.3 

3.4 

19° 

36.8° 

72-66 

B. 

16/6/21 

8.0 

3.5 

3.1 

8.0 

4.5 

4.6 

21.3° 

36.8° 

78-74 

C.  B. 

15/7/21 

12.0 

9.2 

7.4 

9.3 

9.2 

7.4 

27° 

36.9° 

67-65 

A  :=  normal   flow   for   10". 

B  =  electric   fan    on    right    elbow    for    10". 

C  =  fan    stopped   and   elbow    covered   for    10". 

an  estimate  of  the  normal  flow.  It  is  seen  from  this  curve  that  the  response  to 
cold  is  very  prompt,  and  the  return  of  the  flow  to  normal  after  the  removal  of 
the  stimulus  is  equally  sharp.  The  flow  in  many  cases  is  reduced  to  20  per 
cent  or  30  per  cent  by  the  application  of  cold  and  after  its  removal  the  flow 
mounts  again  to  normal  or  nearly  so  within  a  few  minutes.  In  all  cases  read- 
ings were  taken  for  from  ten  to  tAventy  minutes  subsequent  to  the  removal  of 
the  hand  from  the  cold  water.  The  hand  upon  its  removal  from  the  water 
was  thoroughly  dried  and  wrapped  in  a  towel  to  avoid  cooling  from  evapora- 
tion and  draughts. 

(2)  Effect  of  the  local  application  of  hot  water  upon  the  Mood-flow  in  th^ 
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hands. — The  application  of  heat,  as  by  immersion  of  the  opposite  hand  in  hot 
water,  produced  an  equally  prompt  response,  the  flow  being  very  definitely 
increased  (Fig.  8  and  Table  VI).  The  magnitude  of  the  response,  however, 
was  not  as  great  as  in  the  employment  of  cold,  this  probably  being  for  the 
reason  that  a  greater  disparity  existed  between  the  cold  water  and  the  body 
temperature  than  was  the  case  with  the  use  of  hot  water;  the  temperature  of 
the  latter  was  from  47°  C.  to  49°  C.  It  appears  probable  from  a  general  re- 
view of  the  results  that  the  degree  of  the  response  bears  a  more  or  less  direct 
relationship  to  the  ratio  existing  betAveen  the  body  temperature  and  the  ap- 
plied temperature.  This  point,  however,  has  not  been  especially  investigated. 
It  has  been  found  that  though  different  normal  individuals  vary  to  some 
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-Vascular    reflex    to    heat.      P.lood-flow    in    left    hand    before,    during    and    after    the    immersion    of 
the   right   hand   in    hot    water. 


extent  in  their  reactions  to  hot  and  cold  applications,  the  responses  are  roughly 
similar  in  all.  In  certain  pathologic  conditions,  on  the  other  hand,  we  have 
found  the  responses  to  temperature  changes  to  be  considerably  below  the 
average.  A  report  of  such  cases  Ave  will  reserve  for  a  future  communication. 
(3)  Effect  vpon  the  Nood-ffow  in  the  hands  of  the  applications  respectively 
of  hot  and  cold  water  to  the  feet. — ^Reflex  changes  in  the  blood-flow  through 
the  hands  were  also  elicited  by  the  application  of  extremes  of  temperature  to 
the  feet.  One  or  the  other  foot  was  placed  in  cold  water  at  10°  C.  or  in  hot 
water  at  47°  to  49°  C,  and  observations  upon  the  flow  in  both  hands  were 
taken  each  minute  for  ten-minute  periods.     There  was  in  every  case  a  very 
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prompt  response  to  cold,  the  flow  dropping  in  one  case  from  7.6  gms.  per 
100  c.c.  per  minute  to  1.8  gms.  in  the  course  of  a  ten-minute  period.  The  nor- 
mal flow  was  regained  within  a  few  minutes  of  the  removal  of  the  foot  from 
the  water.  The  drop  as  a  rule  was  not  so  profound  as  when  the  cold  was 
applied  to  the  opposite  hand.  Both  hands  were  affected  alike,  the  curves 
when  plotted  for  each  running  practically  parallel  courses  (Fig.  9).  In  all 
the  subjects  observed  the  reaction  was  invariably  a  diminution  of  the  flow  in 

Table   VI 
Vascular  Reflex  to  Heat  and  Colo  Stimulus  Applied  to  Right  Hand 


DATE 

GUAMS  BLOOD  PER  100  C.C.  OP  TISSUE  PER  MINUTE 

SUBJECT 

LEFT  HAND 

A 

B 

0 

D 

c. 

21/12/19 

6.9 

3.7  X 

8.3  X 

6.7 

10/1/20  • 

9.6 

21.7 

5.1 

10.1 

T. 

5/1/20 

9.5 

14.4 

1.6 

1.6 

6/1/20 

11.8 

15.0 

8.6 

7.0 

7/1/20 

.3.9 

9.5 

6.9 

4.1 

S/1/20 

7.1 

9.0 

7.7 

5.4 

8/1/20 

6.6 

18.2 

0.7 

4.2 

8/1/20 

13.3 

17.6 

4.7 

8.9 

-E. 

7/1/20 

7.8 

18.4 

2.2 

1.3 

8/1/20 

6.6 

9.3 

0.1 

1.2 

M.  D. 

15/1/20 

4.9 

20.4 

1.8 

18.0 

2.3/1/20 

6.1 

9.8 

2.6 

7.7 

28/1/20 

7.8 

10.4 

4.9 

5.2 

-P. 

13/1/20 

10.9 

10.7 

7.5 

4.6 

A  =  Max.    flow   before   stimulus    was   applied. 

H  =  Max.   flow   when  heat    (47°    C.)    was  applied  to  right  hand. 

C  =  Min.   flow   when   cold    (10°   C.)    was   applied  to   right  hand. 

D  =  Max.    flow  after   riglit  hand  was   removed. 

XX  =  right  hand   placed   in  cold   water    (10°    C.)    first. 

Table   VII 

Vascular  Reflex  to  Cold 

Blood-Flow  in  Hands  when  Foot  was  Placed  in  Cold  Water 


subject 

DATE 

GRAMS 

OF  BLOOD  PER  100  C.C.  OF  TISSUE 
PER  MINUTE 

ROOM 

TEMP. 

"C. 

MOUTH 

TEMP. 

°C. 

PULSE  RATE 

RIGHT  HAND 

LEFr  HAND 

PER  MIN. 

A 

B 

C 

A 

B 

C 

D.  D.  H. 

N.  E.  H. 
E.  J. 

10/11/20 

1/12/20 
12/11/20 
19/11/20 

(a)  3.3 

(b)  7.1 
(a)  7.6 
(a)  6.1 

1.9 
4.8 
1.8 
7.4 

1.1 
7.1 

4.7 
7.0 

4.0 

8.5 
6.3 
7.2 

2.3 
5.0 
1.6 

5.7 

0.9 
7.1 
5.9 
6.4 

23.2° 
23° 
21.5° 
23° 

37.1° 
37.05° 
36.8° 
37° 

74 

88 
92 
66 

A  :=  normal   flow   for    10". 

B  =  foot  placed   in   cold   water   for    10"  —    (a)    =  right   foot,    (b)    =  left   foot   placed   in   cold   water. 

C  =  fool    removed   from   cold   water   and   covered — readings   taken    for    10". 

both  hands  when  either  foot  was  placed  in  cold  water  (Table  VII).  On  the 
other  hand  when  heat  was  applied  to  one  foot,  by  its  immersion  in  water  at 
about  47°  C,  the  response  of  the  flow  in  the  hands  was  not  in  the  same  direc- 
tion in  all  individuals.  Some,  for  instance  D.  D.  H.  and  R.  J.,  gave  a  prompt 
fall  similar  to  the  response  to  cold,  whilst  others  gave  a  prompt  rise  in  the 
flow.  (Table  VIII,  Figs.  10  and  11.)  The  type  of  the  response  whether  a  rise 
or  fall  was  always  the  same  for  the  same  individual.     The  possibility  of  the 
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drop  in  blood-flow  evoked  by  hot  applications,  being  due  to  eooling  of  the 
ankle  consequent  upon  accidental  wetting  and  increased  evaporation,  was 
guarded  against  with  especial  care,  so  that  this  may  be  excluded  as  a  factor 
in  the  production  of  the  unexpected  response  to  heat  seen  in  some  individu- 
als. The  reduction  in  .the  flow  met  with  in  the  one  class  of  subjects  was  of 
very  much  the  same  magnitude  as  the  augmentation  of  flow  occurring  in  the 
other,  the  one  type  of  curve  being  approximately  the  reverse  of  the  other. 
The  rise  or  fall  was  about  the  same  as  that  following  the  application  of  cold, 
being  from  50  per  cent  to  60  per  cent. 

Martin  and  Mendenhall"  have  shown  that  the  vascular  response  to  sen- 
sory stimulation  is  reversed  when  the  strength  of  stimulus  is  increased  above 
a  certain  threshold.  A  mild  stimulus  in  the  hands  of  these  authors  produced 
a  dilatation,  and  a  strong  stimulus,  a  constriction  of  vessels.  A  probable 
explanation  of  the  apparently  contradictory  results  obtained  by  us  in  dif- 
ferent individuals  is  that  the  threshold  for  vasoconstriction  varies  in  different 
persons.  Since  the  temperature  of  the  water  was  the  same  in  all  our  cases, 
a  temperature  capable  of  producing  a  vasoconstriction  in  one  subject,  might 
be  able  to  bring  about  vasodifatation  only,  in  another.  That  persons  vary  con- 
siderably in  their  sensibility  to  hot  water  is  well  known.  A  temperature  un- 
pleasantly hot  to  one  feels  tepid  to  another.  Unfortunately  no  data  was 
collected  regarding  the  skin  sensations  of  the  subject  during  the  immersion 
of  the  foot.  We  hope,  however,  to  increase  the  number  of  these  experiments 
when  observations  of  this  nature  will  be  made  with  a  view  to  determine 
whether  or  not,  any  relationship  exists  between  the  skin  sensations  and  the 
vascular  responses. 

(4)  The  effect  of  draught  npon  the  Mood-flow  in  the  hands. — Since  the  im- 
mersion of  the  hand  in  cold  water  has  such  a  profound  effect  upon  the  flow 
in  the  hand  of  the  opposite  side  as  well  as  upon  the  hand  of  the  same  side,  it 
was  to  be  expected  that  lowering  of  the  skin  temperature  bj-  a  current  of 
air  would  likewise  reduce  the  flow  of  blood  through  the  tissues  of  the  hands. 

Table  VIII 

Vascular  Reflex  to  ITeat 
Blood-Flow  in  Hands  when  Foot  was  Placed  in  Hot  Water 


OUAMS   OP   blood    PER   100    C.C.    OF 

TISSUE 

SUBJECT 

DATE 

PER    MINUTE 

ROOM 

TEMP. 

°C. 

MOUTH 
TEMP. 
°C. 

PULSE  RATE 

RIGHT    HAND 

LEFT    HAND 

PER  MIN. 

A 

B 

C 

A 

B 

C 

I       G.D. 

7/    1/21 

(a)    6.5 

8.9 

7.6 

6.8 

10.2 

9.1 

22° 

36.7° 

99-82 

16/11/20 

(a)    0..3 

1.6 

2.7 

1.0 

1.8 

3.1 

21° 

37.5° 

112-90 

D.  D.  H. 

15/12/20 

(b)    6.3 

5.8 

3.5 

5.6 

5.4 

4.5 

23.2° 

37.2° 

84-88 

19/11/20 

(a)  11.1 

7.2 

5.6 

8.5 

6.8 

4.2 

23° 

37° 

88 

R.J. 

24/11/20 

(a)  13.3 

9.4 

10.6 

11.0 

8.6 

7.8 

22° 

36.7° 
~36~2°~ 

70 

II    N.B.T. 

21/2/21 

(a)    6.4;    6.3 

9.7 

21° 

73 

I.  E. 

25/2/21 

(b)  16.0  18.3 

19.8 

24° 

37.2° 

83 

S.  U.  P. 

26/2/21 

(b)    4.1 

2.1 

3.8 

20° 

36.7° 

68 

J.L. 

4/3/21 

(a)    3.0 

6.2 

7.4 

20.1° 

36.3° 

94-85 

A  =:  normal  flow   for   10" 

R  r=  foot   placed   in   hot   water   for   10" — (a)    right   foot;    (b)    left    foot. 

C  =  foot   removed   from    water   and   covered   while   readings   were    taken   for  a   further   10" 

II  =  left    hand   only   in   calorimeter — right   hand   kept   covered. 
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in  order  to  study  the  precise  effect  of  draught,  experiments  were  car- 
ried out  as  follows — one  arm  was  bared  to  the  shoulder  and  covered  with  a 
blanket  while  the  corresponding  hand  as  well  as  that  of  the  other  side  was 
placed  in  a  calorimeter.  An  electric  fan  (18"  in  diameter)  was  placed  at  a 
distance  of  3  feet  from  the  subject.  An  estimation  of  the  normal  flow  was 
made  for  a  preliminary  period  of  ten  minutes.  At  the  end  of  this  time  the 
blanket  Avas  removed  and  the  fan  started  to  revolve  at  a  moderate  speed  so  as 
to  direct  a  constant  current  of  air  upon  the  arm  for  an  interval  of  ten  min- 
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Fig.  10. 


Fig.   11. 


Fig.  9. — Vascular  reflex  in  hands  to  cold  applied  to  one  foot. 
Fig.  10. — Vascular  reflex  in  hands  to  heat  applied  to  one  foot. 
Fig.    11. .^Vascular    reflex    in    hands    to    heat    applied    to    one    foot. 

utes;  at  the  end  of  the  time  the  fan  Avas  stopped,  the  arm  re-covered  and  esti- 
mations of  blood-flow  made  during  a  final  period  of  ten  minutes.  The  cal- 
orimeter was  well  protected  from  the  air  current  so  as  to  diminish  self  cooling. 
The  flow  in  every  instance  was  greatly  curtailed  in  both  hands  during  the 
time  the  draught  was  playing  upon  the  skin.  The  fall  produced  was  very 
nearly  as  great  as  that  resulting  from  the  immersion  of  the  hand  in  cold 
water;  a  reduction  of  the  flow  by  80  per  cent  was  common.     Since  draught 
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Table  X 

Showing  the  Effect  of  ExERCifi-E  (Without  Dynamometer)  on  the  Blood-Flow 

IN  the  Hands 


date 

GRAMS  of  blood 

PER  100  CO.  of  tissue  PER  MINUTE 

DURATION 

subject 

right  hand 

LEFT  HAND 

OF 

A 

B 

7.5 

C 

A         B 

c 

EXERCISE 

M.  E. 

29/11/19 

6.7 

9.6 

5.4 

6.9 

9.3 

2  mins. 

2/12/19 

7.9 

7.0 

7.8 

8.2 

7.5 

8.9 

3/12/19 

9.4 

8.9 

7.2 

9.3 

10.2 

7.9 

4/12/19 

11.5 

11.2 

7.4 

10.3 

13.8 

8.6 

5   " 

5/12/19 

6.4 

6.2 

6.3 

7.1 

8.7 

9.2 

5/12/19 

7.1 

4.3 

3.3 

7.6 

6.3 

6.3 

6/12/19 

5.2 

4.7 

3.8 

6.2 

6.3 

6.4 

8/12/19 

8.3 

5.2 

4.8 

8.5 

6.6 

6.3 

9/12/19 

3.8 

3.5 

4.1 

2.2 

6.9 

6.8 

10/12/19 

7.9 

5.7 

5.8 

8.4 

7.9 

8.9 

11/12/19 

9,6 

7.6 

7.8 

9.4 

8.2 

8.0 

12/12/19 

7.3 

7.4 

4.3 

7.9 

7.7 

6.3 

12/1 2/i9 

6.0 

3.5 

3.5 

3.9 

4.4 

5.6 

13/12/19 

7.7 

6.0 

3.3 

8.7 

8.8 

7.8 

L. 

29/11/19 

8.1 

7.9 

7.0 

6.3x 

8.2 

9.7 

8.1 
G.9x 

1/12/19 

7.3 

5.2 

4.9 

9.9 

9.9 

7.9 

2   '  * 

2/12/19 

7.8 

8.8 

5.9 

11.8 

11.2 

8.0 

3/12/19 

10.1 

7.1 

5.7 

12.1 

11.6 

8.6 

4/12/19 

3.5 

5.0 

5.0 

7.1 

8.8 

6.7 

5   " 

5/12/19 

8.9 

7.3 

7.4 

11.2 

9.2 

9.3 

B. 

4/12/19 

7.2 

— 

8.5 

10.4 

— 

6.8 

2   ' ' 

8/12/19 

3.9 

5.5 

4.9 

7.0 

9.4 

8.3 

5   " 

N.  B.  T. 

9/12/19 

10.9 

13.4 

12.8 

10.8 

14.8 

11.8 

10/12/19 

11.1 

11.3 

10.3 

10.8 

11 

11.1 

11/12/19 

12.2 

13.4 

12.3 

6.1 

11.9 

9.1 

12/12/19 

13.1 

11.5 

8.6 

11.3 

16.1 

8.5 

A  =  normal    flow    for    5". 

B  =:  flow    when    left    hand   was    exercised    2"    or    5". 

C  =  after    exercise    was    stopped — readings    taken    for    5". 

X  =  Readings    taken    for    10"    after    exercise    was    stopped. 

produced  much  less  depression  of  temperature  of  the  part  than  did  immersion 
of  the  hand  in  cold  water,  the  arm  feeling  only  faintly  cool  under  the  influ- 
ence of  the  air  current,  the  drop  in  the  blood-flow  curve  in  the  case  of  draught 
indicates  a  much  greater  relative  response  to  cooling  by  this  agent  than  to 
the  direct  application  of  cold  water.  The  greater  response  in  the  case  of 
draught  is  probably  accounted  for  by  the  greater  skin  area  influenced  by  the 
temperature  change  and  consequently  the  greater  number  of  receptors  in- 
volved (cf.  Martin  and  Stiles^^).  Fig.  7  exhibits  the  profound  effect  upon  the 
blood-flow.  (See  also  Tables  V  and  IX.)  As  a  rule  the  depression  is  followed 
by  a  sharp  recovery  upon  removal  of  the  draught.  No  observations  were 
undertaken  to  determine  the  effects  of  draught  directed  to  more  remote  parts 
of  the  body  such  as  the  back  or  feet. 

In  connection  with  the  foregoing  observations  upon  draught  the  work  of 
Mudd  and  Grant^  should  be  mentioned.  These  observers  studied  the  effects 
of  chilling  of  the  body  surface,  upon  the  vascularity  of  the  mucous  membranes 
of  the  nasopharynx  and  remote  unchilled  areas  of  the  skin.  Changes  in  tem- 
perature of  the  skin  and  mucosa  were  recorded  by  means  of  thermopiles. 
Their  results  accord  with  our  own;  chilling  of  the  skin  surfaces  by  draught 
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produced,  contrary  to  the  general  conception  of  the  reactions  occurring  in 
such  instances,  depression  of  temperature  and  vasoconstriction  of  the  mucous 
membranes.  Distant  unchilled  skin  areas,  e.g.  scars,  also  responded  by  a  fall 
in  temperature. 

(5)  Observations  made  to  cletermine  the  effect  of  local  exercise  upon  the 
hlood-floiv  in  the  hands.—^imm  50  experiments  of  this  character  were  undertaken. 
Each  hand  according  to  the  usual  procedure  was  placed  in  a  calorimeter  and 
readings  taken  for  a  preliminary  period  of  ten  minutes.  One  hand  while  still 
retained  in  the  calorimeter  was  then  exercised  for  five 
minutes,  during  wliich  time  and  for  ten  minutes  after- 
wards, readings  upon  the  two  hands  were  continued. 
Opening  and  closing  of  the  hand  at  the  rate  of  30  to  40 
complete  movements  per  minute  was  the  form  of  ex- 
ercise employed.  In  one  group  of  experiments  the 
hand  was  merely  opened  and  closed  at  this  rate  without 
1      I    I    I    I    I    1/  I    I  performing  work  ;  in  a  second  series  the  hand  was  made 

iioA  I  I  I  I TT T  ^['  l^""^"^'  against  the  resistance  of  a  stiff  spring  con- 
sisting of  a  flat  band  of  tempered  steel  Ys-/  in  thickness, 
I  I  I  I  I  I  /I  pT  ^/^"  ^^^^^e'  ^I'ltl  G"  long,  bent  into  the  form  of  a  bow  and 
rrTTT/rTr  hekl  in  this  position  by  means  of  a  leatlier  thong  rep- 
resenting the  bow-string.  For  the  compression  of  such 
a  dynamometer,  so  that  the  extremities  of  the  steel 
band  were  approximated,  100  gram-meters  of  work 
were  required. 

The  blood-flow  through  the  hand  almost  invariably 
showed  a  decided  reduction  when  the  opposite  hand 
was  exercised  and  tended  to  regain  its  original  level 
when  exercise  ceased.  The  flow  in  the  exercised  hand 
rose  in  a  slightly  preponderating  number  of  cases.  In 
the  remaining  cases  it  fell  (Tables  X  and  XI).  We 
were  unable  at  any  time  to  predict  which  effect  would 
ensue,  for  the  same  individual  under  apparently  the 
same  conditions  would  at  one  time  show  a  rise,  and  at 
other  times  a  fall  in  tlie  flow  through  this  hand.  The 
effect  upon  the  contralateral  liand  was  unequivocal,  a 
decided  fall  being  the  rule  in  all  the  individuals  exam- 
ined. The  curves  in  Fig.  12  show  an  augmented  eft'ect 
m  the  exercised,  and  a  reduction  of  the  flow  in  the  opposite  hand. 

These  results  are  contrary  to  those  recorded  by  Hewlett"  by  the  plethys- 
mographic  method,  who  states  that  exercise  of  one  arm  has  little  effect  upon 
the  flow  m  the  other.  When  an  effect  was  produced  it  was  one  of  augmenta- 
tion. Stewart,!"  however,  found  a  moderate  diminution  in  the  flow  of  the  con- 
tralateral hand. 

No  observations  have  been  made  regarding  the  effects  of  general  body 
exercise  upon  the  flow. 


Fig.  12. — Uffect  of  exer- 
cise. Ulood-flow  in  both 
hands  during  opening  and 
closing  movements  of  left 
hand. 
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Table  XI 
The  Effect  of  Exercise  With  Dynamometer  on  the  Blood-Flow  in  the  Hands 


date 

gkams  of  blood  per  100  c.c.  OP  tissue  per  minute 

ROOM 

temp. 
°c. 

mouth 

SUBJECT 

right  hand 

left  hand 

TEMP. 

A 

B 

C 

A 

B 

0 

°C. 

5" 

5" 

5" 

5" 

5" 

5" 

I  N.  B.  T. 

15/12/19 

8.3 

3.4 

3.4 

9.1 

6.6 

8.3 

16/12/19 

8.1 

6.3 

6.5 

7.6 

7.7 

10.8 

16/12/19 

6.2 

5.7 

4.5 

8.8 

9.4 

12.6 

17/12/19 

6.9 

4.6 

4.6 

6.4 

4.8 

8.0 

17/12/19 

5.2 

4.6 

5.8 

4.9 

4.4 

8.6 

18/12/19 

5.9 

6.3 

5.0 

5.5 

8.1 

11.4 

21/12/19 

6.7 

10.5 

9.8 

23/12/19 

2.2 

5.2 

6.4 

29/12/19 

8.6 

9.2 

10.6 

29/12/19 

3.4 

5.0 

6.2 

29/12/19 

10" 

4.6 

7.1 

6.2 

10" 

10" 

10" 

II  S.  U.  P. 

29/  9/20 

5.0 

4.0 

7.0 

5.2 

4.9 

6.7 

19.2° 

36.8° 

30/  9/20 

2.8 

2.4 

1.9 

3.9 

2.9 

2.0 

16.5° 

36.7^ 

1/10/20 

0.9 

1.2 

2.1 

0.5 

0.3 

0.3 

15° 

36.8° 

2/10/20 

1.9 

2.1 

2.0 

0.9 

0 

0.7 

15^ 

36.6° 

8/10/20 

3.5 

1.6 

1.5 

4.4 

1.7 

0.7 

21° 

36.8° 

13/10/20 

5.9 

5.2 

5.3 

8.1 

7.3 

7.0 

20.5° 

37.1° 

D.  D.  H. 

29/9/20 

1.6 

1.3 

2.9 

1.3 

0 

0.8 

20° 

36.9° 

6/10/20 

0 

2.4 

2.7 

0.7 

1.2 

0.8 

19° 

36.9° 

15/10/20 

5.4 

3.1 

3.5 

6.9 

3.2 

4.2 

22.5° 

37.3° 

McC. 

5/10/20 

4.2 

3.5 

4.2 

5.4 

3.8 

3.8 

17.3° 

36.7° 

7/10/20 

3.7 

3.2 

2.6 

4.3 

0 

1.9 

19° 

36.9° 

11/10/20 

6.7 

6.3 

6.9 

6.4 

6.4 

6.5 

20° 

36.9° 

A  =  normal    flow. 


B  ^  I     left   hand   exercised. 
15  =^  II   right    hand    exercised. 


C  =  exercise   stouiJed   and   hand   resting. 


SUMMARY 

1.  Certain  minor  modifications  in  the  calorimetric  method  of  blood-flow 
estimations  (Stewart's)  are  described. 

2.  From  a  large  number  of  blood-flow  determinations  upon  normal  indi- 
viduals it  has  been  found  that  the  amplitude  of  the  flow  differs  widely  in 
different  persons;  that  the  flow  fluctuates  spontaneously  to  the  extent  of  sev- 
eral grams  per  100  c.c.  per  minute  in  the  same  individual  during  the  course 
of  an  experiment;  and  that  marked  alterations  in  the  flow  are  effected  by 
changes  in  the  temperature  of  the  atmosphere. 

3.  The  flow  in  the  hand  may  be  influenced  reflexly  by  applications  of  heat 
or  cold  to  either  hand  or  foot.  Thus,  immersion  of  the  hand  in  hot  or  cold 
water  produces  a  rise  or  fall  respectively  in  both  hands.  The  response  to 
draughts  is  similar  in  nature  to  the  response  following  the  immersion  of  the 
hand  in  cold  water.  Heat  applied  to  the  feet  produces  in  some  individuals  a 
rise  and  in  others  a  fall  in  the  blood-flow  through  the  hands ;  the  particular 
effect  produced  is  constant  for  the  same  individuals. 

4.  Local  exercise  produces  a  drop  in  flow  of  the  opposite  hand.  The 
flow  in  the  exercised  hand  is  increased  in  some  cases  and  reduced  in  others, 
the  effect  being  unpredictable. 

The  investigations  embodied  in  this  paper  were  suggested  by  Professor 
J.  J.  R.  Macleod  and  carried  out  under  his  direction.    For  his  interest,  encour- 
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agement  and  kindly  criticisms  the  author  feels  sincerely  grateful.  The  author 
also  wishes  to  express  his  appreciation  of  the  assistance  of  Miss  N.  R.  Hearn 
who  carried  out  a  great  number  of  the  blood-flow  estimations  and  prepared  to 
a  large  extent  the  tables  and  curves  shown  in  this  paper. 

Funds  for  this  research  were  furnished  by  the  Medical  Research  Commit- 
tee of  the  Department  of  Militia  and  Defence  of  Canada. 
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III.   The  Preparation  of  Pancreatic  Extracts  containing  Insulin 

By  F.  G.  Banting,  M..C.,  M.B.,  C.  H.  Best,  M.A.,  J.  B.  Collip, 
Ph.D.,  and  J.  J.  R.  Macleod,  M.B.,  F.R.S.C. 

(Read  May  Meeting,  1922) 

1.    The  Preparation  of  the  Earlier  Extracts  (F.  G.  Banting  and  C.  H. 

Best) 

In  two  previous  papers  a  brief  outline  of  the  preparation  of 
pancreatic  extracts  has  been  given.  Active  anti-diabetic  extracts 
of  degenerated  gland,  exhausted  gland,  foetal  gland,  and  finally  adult 
beef  gland,  were  made.  The  main  problem  in  the  preparation  was 
to  get  rid  of  or  avoid  the  presence  of  proteolytic  enzymes. 

The  first  extract  used  was  obtained  by  ligating  the  pancreatic 
ducts  of  the  dog,  and  waiting  from  seven  to  ten  weeks  for  degeneration 
of  the  acinar  tissue.  The  remnant,  which  contained  healthy  insular 
tissue,  was  removed  and  macerated  in  ice-cold  Ringer  solution.  By 
this  procedure  a  non-toxic  extract  which  markedly  reduced  the  blood 
sugar  and  the  excretion  of  sugar  in  diabetic  dogs  was  obtained  in 
small  quantity.  Active  extract  was  also  prepared  from  the  pancreas 
of  a  dog  that  had  been  injected  with  secretin. 

The  foetal  calf  extract  was  at  first  made  by  macerating  pancreas 
of  foetal  calves  of  under  four  months  development  in  Ringer's 
solution  and  filtering.  Later,  95  per  cent,  alcohol  was  used  in  place  of 
Ringer's  solution. 

The  alcoholic  filtrate  was  evaporated  to  dryness  in  a  warm  air 
current  and  the  resin-like  residue  redissolved  in  saline.  This  solution 
when  injected  subcutaneously  or  intravenously  into  a  diabetic  dog 
caused  a  marked  fall  in  blood  sugar  and  in  sugar  excreted  in  the  urine. 
It  was  further  found  that  this  extract  did  not  contain  trypsin,  that 
it  was  destroyed  by  boiling,  that  the  active  principal  was  insoluble 
in  95  per  cent,  alcohol  and  that  daily  injections  enabled  a  totally 
depancreatized  dog  to  live  a  much  longer  time  (70  days)  than  has 
hitherto  been  recorded  after  such  an  operation. 

Potent  extracts  of  the  whole  gland  of  the  adult  ox  were  obtained 
in  a  similar  manner,  using  equal  volumes  of  95  per  cent,  alcohol  and 
pancreas,  with  the  exception  that  the  alcohol  was  made  0.2  per  cent, 
acid  by  the  addition  of  HCl.  It  was  found  that  the  fatty  substances 
in  the  extract  could  be  removed  by  washing  twice  with  toluol  without 


2  THE  ROYAL  SOCIETY  OF  CANADA 

deterioration  of  the  potency  of  the  extract.  The  alcohol  could  also 
be  removed  by  distillation  in  vacuo  at  low  temperature  and  it  was 
found  by  reducing  the  volume  to  one-fifth  instead  of  to  dryness 
that  a  watery  extract  of  the  active  principal  was  obtained.  This 
could  be  sterilized  by  passing  it  through  a  Berkfeld  filter.  The 
extract  in  this  form  was  given  to  a  human  diabetic  and  results  in 
every  way  comparable  to  those  obtained  on  the  depancreatized  dog 
were  observed.  However,  owing  to  the  high  percentage  of  protein 
also  present,  sterile  abcesses  formed  in  a  few  instances  at  the  site  of 
injection. 

2.    The  Preparation  of  the  Extracts  as  used  in  the  first  Clinical  Cases 

(J.    B.    COLLIP) 

The  demonstration  by  Banting  and  Best  that  extracts  of  pan- 
creas, prepared  with  certain  precautions,  contain  a  substance  having 
the  power  to  lower  the  blood  sugar  and  to  raise  the  sugar  tolerance 
in  diabetes,  both  in  dogs  and  man,  warranted  an  attempt  to  isolate 
this  substance  in  a  sufficiently  pure  state  for  repeated  subcutaneous 
or  intravenous  administration  in  man.  The  problem  was  to  remove 
most  of  the  protein  and  salts  and  all  of  the  lipoid  material  from  the 
extracts  without  destroying  the  active  principle.  In  the  endeavour 
to  solve  this  problem  various  methods  were  tried  and  the  following 
was  found  to  be  most  satisfactory. 

To  a  small  volume  of  95  per  cent,  ethyl  alcohol  freshly  minced 
pancreas  was  added  in  equal  amount.  The  mixture  was  allowed  to 
stand  for  a  few  hours  with  occasional  shaking.  It  was  then  strained 
through  cheese  cloth  and  the  liquid  portion  at  once  filtered.  The 
filtrate  was  treated  with  two  volumes  of  95  per  cent,  ethyl  alcohol. 
It  was  found  by  this  treatment  that  the  major  part  of  the  protein 
was  removed  while  the  active  principle  remained  in  alcoholic  solution. 
After  allowing  some  hours  for  the  protein  precipitation  to  be  effected 
the  mixture  was  filtered  and  the  filtrate  concentrated  to  small  bulk 
by  distillation  in  vacuo  at  a  low  temperature  (18°  to  30°C).  The 
lipoid  substances  were  then  removed  by  twice  extracting  with  sul- 
phuric ether  in  a  separating  funnel  and  the  watery  solution  returned 
to  the  vacuum  still,  where  it  was  further  concentrated  till  it  was  of 
a  pasty  consistency.  80  per  cent,  ethyl  alcohol  was  then  added  and 
the  mixture  centrifuged.  After  centrifuging,  four  distinct  layers 
were  manifested  in  the  tube.  The  uppermost  was  perfectly  clear  and 
consisted  of  alcohol  holding  all  the  active  principle  in  solution.  Below 
this,  in  order,  were  a  flocculent  layer  of  protein,  a  second  clear  watery 
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layer  saturated  with  salt  and  a  lowermost  layer  consisting  of  crystals 
of  salt.  The  alcohol  layer  w^as  removed  by  means  of  a  pipette  and 
was  at  once  delivered  into  several  volumes  of  95  per  cent,  alcohol,  or 
better,  of  absolute  alcohol.  It  w^as  found  that  this  final  treatment 
with  alcohol  of  high  grade  caused  the  precipitation  of  the  active 
principle  along  with  adherent  substances.  Some  hours  after  this 
final  precipitation  the  precipitate  was  caught  on  a  Buchner  funnel, 
dissolved  in  distilled  water  and  then  concentrated  to  the  desired 
degree  by  use  of  the  vacuum  still.  It  was  then  passed  through  a 
Berkfeld  filter,  sterility  tests  made  and  the  final  product  delivered 
to  the  clinic. 

The  essential  points  relating  to  the  extract  prepared  as  outlined 
above  are: 

(1)  It  contains  only  a  minimum  of  protein. 

(2)  It  is  practically  salt  free  and  can  readily  be  made  isotonic. 

(3)  It  is  lipoid  free. 

(4)  It  is  almost  free  from  alcohol  soluble  constituents. 

(5)  It  can  be  administered  subcutaneously  without  fear  of  any 
local  reaction. 
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IV.    The  Effect  of  Insulin  on  Normal  Rabbits  and  on  Rabbits  rendered 
Hyper glycaemic  in  Various  Ways 

By  F.  G.  Banting,  M.C,  M.B.,  C.  H.  Best,  M.A.,  J.  B.  Collip,  Ph.D., 
J.  J.  R.  MACLEOD,  M  B.,  Ch.B.,  F  R.S.C,  and  E.  C.  Noble,  M.A. 

(Read  May  Meeting,  1922) 

The  successful  demonstration  of  the  beneficial  influence  of 
insulin  in  the  diabetes  of  depancreated  animals  raised  in  our  minds 
the  question  whether  it  would  also  afifect  the  blood  sugar  of  normal 
animals  and  of  those  made  diabetic  in  other  ways  than  by  pancreatec- 
tomy. If  such  were  the  case  a  ready  means  would  be  at  hand  by 
which  to  test  the  activity  of  the  extracts  at  various  stages  in  their 
production.  In  the  present  communication  we  record  briefly  results 
bearing  on  these  two  questions. 

1.   The  Effect  of  Insulin  on  Normal  Rabbits. 

In  over  150  normal  rabbits,  fed  with  oats  and  sometimes  also 
with  sugar,  the  percentage  of  sugar  in  blood  from  the  marginal  ear 
vein  was  determined,  before  and  at  various  intervals  following  sub- 
cutaneous injections  of  insulin.  The  average  percentage  of  sugar  in 
90  of  these  rabbits  prior  to  the  injections  was  0.133  with  a  maximum 
of  0.186  and  a  minimum  of  0.095  (SchafTer-Hartman  method).  A 
marked  fall  from  the  initial  values  was  observed  to  occur  within  an  hour 
or  so  of  the  injection  and  for  purposes  of  physiological  assay  we  have 
come  to  designate  as  one  rabbit  diose  the  amount  of  insulin  (given 
subcutaneously)  which  lowers  the  blood-sugar  by  50  per  cent,  in  1-3 
hours.  This  method  of  evaluation  of  the  potency  of  insulin  seems  to 
be  fairly  satisfactory,  for  we  have  found  that  relatively  greater 
effects  in  reducing  the  blood  sugar,  are  obtained  when  the  same 
extract  is  used  on  diabetic  dogs.  Thus,  10  c.c.  of  a  certain  extract 
injected  into  a  rabbit  reduced  the  blood  sugar  from  0  135  to  0  071 
in  l3^hours,  after  which  it  began  to  rise  again,  whereas  20  c.c.  of 
the  same  extract  given  to  a  diabetic  dog  weighing  about  five  times 
more  than  the  rabbit  caused  the  blood  sugar  to  fail  from  0.375  to 
0.030  in  7  hours.  The  lowest  percentage  of  blood  sugar  observed  in 
rabbits  treated  with  insulin  was  0.01  in  2  hours  45  minutes  after  the 
injection.  The  purer  the  preparation  of  insulin  used  the  more  rapid 
is  the  fall  in  blood  sugar.  The  fall  seems  to  be  equally  rapid  in  well- 
fed  and  starving  animals. 
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Some  time  after  the  injection  of  insulin  the  rabbits  often  show 
characteristic  symptoms.  A  preliminary  period  of  hyperexcitability 
gives  place  to  a  comatose  condition  in  which  the  animal  lies  on 
its  side,  breathing  rapidly  (often  periodically)  with  sluggish  con- 
junctival reflex  and  widely  dilated  pupils  (rectal  temperature  normal) 
On  the  slightest  stimulation,  as  shaking  of  the  floor,  violent  clonic 
convulsions  supervene  in  which  the  animal  either  throws  itself  over 
and  over,  or  lies  on  its  side  with  head  markedly  retracted  and  the 
limbs  moving  rapidly  as  in  running.  These  convulsive  seizures 
usually  last  1-2  minutes,  and  they  often  come  on  without  any  apparent 
stimulation,  when  the  interval  between  them  is  about  15  minutes. 
They  frequently  terminate  in  death  from  respiratory  failure. 

Out  of  a  total  of  123  rabbits  receiving  insulin  convulsions  were 
observed  in  26  cases,  and  the  maximum  percentage  of  blood  sugar  at 
which  they  occurred  was  0.047  (except  in  one  animal  in  which  0.067 
was  found),  and  the  minimum  percentage  at  which  there  were  no 
convulsions  was  0.037. 

This  close  parallelism  between  the  percentage  of  blood  sugar 
and  the  incidence  of  convulsions  suggests  that  a  causal  relationship 
exists  between  the  two.  This  view  is  supported  by  the  observations 
of  F.  C.  Mann  on  dogs  rendered  hypoglycaemic  by  removal  of  the 
liver  from  the  circulation  (Proc.  Amer.  Physiol.  Soc.  Dec,  1920),  and 
by  the  fact  that  we  have  found  that  subcutaneous  injection  of  dextrose 
(4  gms.  in  20  per  cent,  solution)  restores  the  animal  to  the  normal 
condition  within  a  few  minutes  of  the  injection.  Occasionally 
recovery  may  ensue  without  injections  of  dextrose,  but  this  is  rare. 
The  animals  restored  by  dextrose  may  subsequently  relapse  into 
convulsions  which  can  again  be  removed  by  dextrose.  Injections  of 
saline  solutions  or  of  pentose  sugars  have  no  effect. 
2.  The  Ejfecl  of  Insulin  on  Hyperglycaemic  Animals. 

For  these  experiments  the  rabbits  were  fed  on  oats  and  sugar  so 
as  to  ensure  an  abundant  accumulation  of  glycogen  in  the  liver. 
Portions  of  liver  were  also  removed  after  death  for  determination  of 
glycogen. 

The  methods  employed  to  cause  hyperglycaemia  were  asphyxia, 
carbon  monoxide  poisoning,  injection  of  epinephrine  (adrenalin) 
piqure  and  ether.  Having  satisfied  ourselves,  by  at  least  four  observa- 
tions in  each  group,  that  the  above  methods  cause  marked  hypsr- 
glycaemia  in  untreated  rabbits  w^e  then  repeated  them  on  rabbits  pre- 
viously injected  with  insulin.  In  every  case  we  found  in  the  injected 
animals  either  that  there  was  no  rise  whatsoever  in  the  f>ercentage  of 
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blood  sugar  or  that  the  rise  was  very  markedly  less  than  in  untreated 
animals.  The  following  results  giving  the  percentages  of  blood  sugar 
will  illustrate. 

(a)   PiqOre 


Time 

Uninjected  Rabbit 

Time 

Rabbit  Injected  with  Insulin 

10.15 

0.137 

12.50 

0.123 

11.00 

Piqure 

3.30 

Insulin 

11.30 

0.305 

4.30 

0.083 

12.05 

0.420 

4.45 

Piqflre 

12.50 

0.457 

5.15 

0.081 

2.20 

0.386 

5.20 

Insulin 

3.20 

0.244 

6.00 

0.004 

4.25 

0.187 

6.30 
8.15 

0.093 
0.045 

{h)  Epinephrine 

Time 

Uninjected  Rabbit 

Time 

Rabbit  Injected  with  Insulin 

9.15 

0.154 

12.00 

0.159 

10.20 

Epinephrine 

12.05 

Insulin 

10.55 

0.364 

2.00 

0.040 

11.30 

0.397 

3.05 

Insulin 

12.00 

0.440 

3.35 

Epinephrine 

1.00 

0.440 

4.00 

0.040 

2.05 

0.410 

4.30 
5.00 
5.35 

0.057 
0.065 
0.060 

ic)  As 

PHYXIA 

Time 

Uninjected  Rabbit 

Time 

Rabbit  Injected  with  Insulin 

9.50 

0.140 

9.50 

0.124 

9.55 

Asphyxia  (20  min.) 

10.00 

Insulin 

10.23 

0.383 

11.00 

0.077 

10.55 

0.376  . 

2.00 

Insulin 

11.25 

0.370 

2.20 

0.045  (hyperexcitable) 

11.55 

0.222 

2.22 

Asphyxia  (20  minutes) 

12.25 

0.200 

2.45 
3.15 
3.45 

0.159 
0.075 
0.046 

Sect.  V,  1922  19]  Trans.  R.S.C. 

\'.    The  Effect  Produced  on  the  Respiratory  Quotient  by  Injections 

of  Insulin 

By  F.  G.  Banting,  M.B.,  C.  H.  Best,  M.A.,  J.  B.  Collip,  Ph.  D., 
J.  Hepburn,  M.B.,  and  J.  J.  R.  Macleod,  M.B.,  Ch.B.,  F.R.S.C. 

(Read  May  Meeting,  1922) 

It  is  generally  recognized  that  the  most  satisfactory  evidence  of 
the  utilization  of  carbohydrate  in  the  animal  body  is  afforded  by 
the  behaviour  of  the  respiratory  quotient,  i.e.,  the  ratio  between  the 
volume  of  COo  expired  and  of  O2  absorbed.  In  the  normal  animal 
this  quotient  approaches  unity  in  proportion  as  carbohydrates  replace 
fats  and  proteins  in  the  total  metabolism;  thus,  when  sugar  is  given 
to  the  animals  that  are  starving  or  living  on  a  fat  and  protein  diet  the 
quotient  promptly  rises.  In  the  completely  diabetic  animal  on  the 
other  hand,  whether  this  condition  be  brought  about  by  remov^al  of 
the  pancreas,  by  administration  of  phloridzin  or  by  disease,  the 
quotient  remains  at  the  level  of  about  0.7  (which  is  characteristic  of 
the  metabolism  of  a  mixture  of  fat  and  protein)  even  when  large 
amounts  of  carbohydrate  are  ingested. 

At  an  early  stage  in  our  work  on  the  influence  of  insulin  on 
diabetes  it  became  necessary  to  observe  this  quotient.  This  has 
been  done  on  a  case  of  severe  diabetes  in  man  and  on  several  depan- 
created  dogs  The  patient  (aet.  29)  (Dr.  G.)  has  been  suffering  from 
diabetes  for  six  years.  During  the  past  few  months  his  diet  has 
contained  approximately  10  gms.  carbohydrate  with  total  calories  of 
1200.  The  total  daily  excretion  of  sugar  has  been  15-30  gms.,  the 
blood  sugar  between  0.28  and  0.33  per  cent,  and  acetone  bodies 
always  present  On  February  17th,  1922,  while  on  the  above  diet, 
the  R.Q.  was  found  to  be  0.74  and  it  remained  unchanged  in  several 
observations  made  during  the  succeeding  two  hours.  Insulin  (4  c.c.) 
was  then  injected  subcutaneously  and  20  gm.  cane  sugar  was  taken 
by  mouth  with  the  result  that  the  quotient  rose  to  0.90  in  two  hours. 
In  a  second  observation  of  the  same  type,  but  in  which  only  2  c.c.  of 
insulin  was  injected,  the  quotient  rose  to  0.82  in  about  three  hours. 
Results  of  a  similar  character  were  obtained  by  Dr.  W.  R.  Campbell 
on  two  other  diabetic  patients  in  the  medical  clinic  of  the  University. 

The  observations  on  depancreated  dogs  were  carried  out  by 
placing  a  closely  fitting  mask  over  the  head  and  connecting  it  through 
two-way    valves    and   wide-bore   tubing  with   a  spirometer.     There 
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was  no  great  difficulty  in  training  the  animal  to  lie  quietly  on  his 
side  during  the  observation  and  great  care  was  taken  to  see  that 
there  were  no  leaks  around  the  edges  of  the  mask. 

The  usual  procedure  was  to  determine  the  quotient  several 
times,  then  to  administer  cane  sugar  or  pure  dextrose  either  by 
mouth  or  subcutaneously,  with  or  without  injections  of  insulin  and 
then  to  observe  the  quotient  at  frequent  intervals.  Observations 
have  so  far  been  made  on  five  animals,  at  periods  varying  from  48 
hours  to  154  hours  after  the  pancreatectomy.  We  are  aware  that 
several  observers  have  found  that  the  depancreated  animal  still 
retains,  for  4-5  days,  some  power  to  utilize  carbohydrate  as  shown 
by  a  small  rise  in  the  quotient  when  sugar  is  ingested.  This,  however, 
does  not  detract  at  all  from  the  value  of  our  results. 

The  following  are  the  most  significant  results: 

Dog  II. — Before  pancreatectomy,  R.Q.,  after  22-23  hours  starva- 
tion was  0.85  and  0.86.  30  gms.  sucrose  by  mouth  caused  it  to  rise 
to  1.0  in  35  minutes  and  it  remained  exactly  at  this  level  for  2  hours. 
The  animal  was  then  depancreated  (Jan.  21st)  and  the  R.Q.,  48  hours 
later  (Jan.  23rd),  was  0.63  rising  to  0.76-0.78  in  1|  hours  after 
20  gms,  sucrose.  In  74  hours  (10.46  a.m.)  after  pancreatectomy 
25  gms.  sucrose  (by  mouth)  and  10  c.c.  insulin,  subcutaneously, 
caused  the  quotient  to  rise  to  0.86  in  31  minutes  and  0.90  in  1|  hours; 
it  then  fell  to  0.77  in  3-3^  hours.  The  animal  was  again  given 
20  gms.  sucrose  and  8  c.c.  insulin  at  3.15  p.m.  and  the  R.Q.  rose  within 
50  minutes  to  0.91  then  to  0.94  (1  hr.  37  min.),  0.93  (3  hrs.  17  min.) 
and  0.87  (4  hrs.  1  min.).  Next  morning  (25th)  R.Q.  stood  at  0.68 
and  20  gms.  sucrose  raised  it  to  0.82  (3  observations)  and  0.85  (1 
observation).  On  the  26th,  R.Q.  was  0.68-0.72;  20  gms.  sucrose 
raised  it  to  0.81  in  1  hour,  and  10  c.c.  insulin  5  hours  later  caused  it 
to  rise  to  0.90  in  40  minutes. 

The  earlier  results  of  this  experiment  are  not  entirely  convincing 
because  there  was  a  definite  increase  in  R.Q.  with  sucrose  alone. 
This  may  be  because  sufficient  time  had  not  elapsed  since  the  pan- 
createctomy for  the  power  to  utilize  carbohydrates  (especially 
laevulose)  to  disappear.  The  observations  on  Jan.  26th,  five  days 
after  the  pancreatectomy  are  more  satisfactory. 

Dog  III. — R.Q.  0.65  (49  hrs.  after  pancreatectomy) ;  after  7  c.c. 
insulin  subcutaneously  (without  sucrose)  it  rose  to  0.70  (1  hr.  34  min.), 
0.68  (1  hr.  51  min.)  and  0.67  (2  hr.  7  min.).  20  gms.  sucrose,  given 
orally,  5  hours  after  the  insulin  caused  the  quotient  to  rise  to  0.89-0.86. 

A  repetition  of  this  experiment  on  the  next  day  raised  R.Q. 
to  1.06. 
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Dog  IV. — R.Q.  0.63  (48  hrs.  after  pancreatectomy);  after  25 
gms.  sucrose  it  rose  to  0.70  (in  52  min.)  returning  to  0.65  in  1  hr. 
35  minutes.  Two  days  later  5  c.c.  insulin  followed  in  1^  hours  by 
30  gms.  sucrose  caused  the  quotient  to  rise  to  0.83  in  about  1  hour 
after  the  sucrose.  On  Feb.  20th,  six  days  after  pancreatectomy,  this 
animal  was  fed  sugar  ad  lib.  10  c.c.  of  insulin  then  caused  R.Q.  to  rise 
from  0.76  (on  the  previous  day)  to  0.95. 

Dog  V. — Sucrose  caused  a  decided  rise  in  R.Q.,  from  0.67  to  0.81, 
in  51  hours  and  a  smaller  rise  (from  0.69  to  0.73)  in  107  hours.  On 
the  sixth  day  8  gms.  dextrose  was  injected  subcutaneously  along  with 
10  c.c.  insulin  only  raised  R.Q.  from  0.73  to  0.80. 

Dog  VI. — ^This  animal  was  not  depancreated  but  was  starved 
for  three  days.  It  was  given  4  c.c.  insulin  subcutaneously  with  the 
result  that  R.Q.  rose  from  0.77  and  0.75  to  0.90  (in  42  minutes  after 
injection)  and  then  fell  to  0.85  (in  1  hour  6  minutes)  and  0.78  (in  1 
hour  36  minutes). 

Although  the  above  observations  were  not  as  adequately  con- 
trolled as  we  should  have  desired,  they  show  conclusively  that  insulin 
given  along  with  sugar  to  depancreated  dogs  raises  the  Respiratory 
Quotient  to  a  much  higher  level  than  occurs  with  sugar  alone. 


Sect.  V,  1922  [13]  Trans.  R.S.C. 

\T.   The  Effect  of  Insulin  on  the  Percentage  Amounts  of  Fat  and  Glycogen 
in  the  Liver  and  Other  Organs  of  Diabetic  Animals 

By  F.  G.  Banting,  M.'b.,  C.  H.  Best,  M.A.,  J.  B.  Collip,  Ph.D., 
J.  J.  R.  MACLEOD,  M.B.,  Ch.B.,  F.R.S.C.  and  P:.  C.  Noble,  M.A. 

(Read  May  Meeting,  1922) 

I.  Glycogen  in  the  Liver,  Heart  and  Muscles 

(a)  Liver. — Minkowski  found  that  after  total  extirpation  of  the 
pancreas  in  dogs,  the  percentage  of  glycogen  in  the  liver  fell  to  0.5 
or  less  even  when  large  quantities  of  dextrose  had  been  ingested. 
When  laevulose  was  given  (in  three  cases)  considerably  larger  amounts 
of  glycogen  were  deposited  (0.72  to  8.14).  Several  investigators  have 
confirmed  these  observations  except  that  Cruickshank  has  found 
that  laevulose  also  does  not  form  glycogen  provided  the  extirpation 
of  the  pancreas  is  complete.  He  infers  that  Minkowski's  results 
with  laevulose  were  due  to  the  fact  that  all  pancreatic  tissue  had  not 
been  removed. 

In  two  depancreated  dogs  which  were  given  large  quantities  of 
cane  sugar  for  several  days  preceding  death  we  found  in  the  liver 
0.044-0.047  per  cent,  in  the  one,  and  1.29-1.35  per  cent,  of  glycogen 
in  the  other. 

Very  different  results  were  obtained  when  insulin,  as  well  as 
sugar,  was  given  to  depancreated  dogs  for  a  few  days  before  the 
animal  was  killed.  Thus,  in  one  animal  (Jan.  3rd)  13.27  per  cent., 
in  another  (Feb.  21st)  12.58  per  cent,  and  in  a  third  (March  28th)  11. 
4  per  cent,  of  glycogen  were  found  in  the  liver.  These  striking  differ- 
ences indicate  that  one  effect  of  insulin  is  to  stimulate  the  glycogenetic 
function  of  the  liver  and  this  fact,  coupled  with  the  knowledge  that 
it  also  raises  the  respiratory  quotient  in  an  hour  or  two  after  it  is 
given  subcutaneously,  lends  support  to  the  hypothesis  that  carbo- 
hydrate can  be  utilized  in  the  body  only  after  it  has  been  converted 
into  glycogen. 

In  two  other  cases  less  striking  results  were  obtained,  namely, 
2.85  per  cent,  in  one  (Jan.  14th)  and  4.9  per  cent,  in  another  (April  2). 
In  one  animal  that  took  sucrose  very  greedily  and  to  whom  large 
doses  of  insulin  were  given  during  the  two  days  preceding  death 
considerably  more  than  12  per  cent,  of  glycogen  was  found  in  the  liv^er. 

(b)  Heart  and  Muscles. —  Cruickshank  found  that  the  glycogen 
in  the  hearts  of  6  normal  dogs  averaged  0.5  per  cent,  the  maximum 
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being  0.85.  In  16  depancreated  dogs  the  average  was  0.7;  in  one 
case  it  was  1.05  per  cent.  Macleod  and  Prendergast  found  in  two 
normal  dogs  that  the  glycogen  in  the  ventricle  is  increased  by  starva- 
tion to  1.00  and  1.05  per  cent,  respectively.  In  the  present  investiga- 
tion, 0.79-0.92  per  cent,  and  0.98  per  cent,  glycogen  were  found 
respectively  in  the  hearts  of  two  depancreated  dogs  fed  sugar 
but  receiving  no  insulin.  In  four  other  depancreated  animals  to 
whom  insulin  was  given,  as  well  as  sugar,  the  values  were  0.725, 
0.600,  0.570  and  0.296.  These  few  observations  indicate  that  insulin 
reduces  the  glycogen  percentage  in  the  heart  of  diabetic  animals 
to  within  the  normal  limits. 

With  regard  to  the  skeletal  muscles,  nothing  conclusive  can  as 
yet  be  said  although  there  is  some  indication  that  insulin  causes  the 
percentage  of  glycogen  to  increase  (cf.  table). 

II.   Total  Fatly  Acid  in  Lker,  Heart  and  Blood 

Fat. — This  has  been  determined  as  fatty  acid  by  Leathes  modi- 
fication  of   the   Kumagawa-Sato    method  with  the  following  results, 
the  animals  in  all  cases  being  given  large  amounts  of  sugar. 
Without  insulin 


No. 

Liver 

Heart 

Blood 

48 

12.25 

4.26 

50 

14.10 

2.59 

1.21 

51 

9.90 

1.12 

Although  much  larger  percentages  of  fat  than  these  have  been 
observed  to  occur  in  the  liver  after  phosphorus  or  phloridzin  it  is 
nevertheless  much  above  the  av^erage  for  laboratory  animals,  which 
is  given  by  Leathes  as  about  4-6  per  cent.  With  regard  to  the  blood 
our  results  compare  with  those  given  by  Bloor  for  severe  diabetes 
viz.,  1.01  per  cent.  These  values  were  decidedly  altered  in  animals, 
receiving  insulin  thus: 


No. 

Liver 

Heart 

Blood 

52 

7.425 

3.00 

(1)0.333 

(2)0.270 

55 

2.190 

2.08 

0.531 

56 

4.410 

There  were  two  dogs,  however,  in  which  the  liver  fat  was  not 
found  to  be  reduced  following  insulin.  In  both  of  these  (53  and  54) 
excessive  doses  of  insulin  were  given  so  that  the  one  animal  (53)  died 
during  the  night  and  the  other  (54)  in  the  forenoon  following  the 
administration.  In  the  former  case  10.276  per  cent,  and  in  the  latter 
26.360  per  cent,  of  fatty  acid  were  found  in  the  liver. 
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The  results  so  far  obtained  on  the  fat  of  blood  show  insulin  to 
have  a  decided  reducing  effect. 

The  observations  taken  as  a  whole  show  that  insulin  given  to  sugar- 
fed  diabetic  animals  causes  the  fat  to  become  reduced  in  the  liver  at 
the  same  time  as  glycogen  accumulates.  Whether  glycogen  would 
also  accumulate  in  this  organ  without  ingestion  of  sugar,  we  cannot 
at  present  say.  It  is  clear  that  there  must  be  a  stage  following  the 
administration  of  insulin  when  glycogen  and  fat  both  are  present 
in  considerable  percentage  in  the  liver.  This  is  shown  in  experiment 
56.  The  protocolls  of  these  experiments  are  given  in  abbreviated 
form  in  Table  I. 

References 
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\TI.    The  Effect  of  Insulin  on  the  Excretion  of  Ketone  Bodies  by  the 

Diabetic  Dog 

By  F.  G.  Banting,  M.B.,  C.  H.  Best,  M.A.,  J.  B.  Collip,  Ph.D., 
and  J.  J.  R.  MACLEOD,  M.B.,  Ch.B.,  F.R.S.C. 

(Read  May  Meeting,  1922) 

As  the  production  and  excretion  of  ketone  bodies  is  one  of  the 
cardinal  symptoms  of  the  diabetic  individual  the  effect  of  the  ad- 
ministration of  extracts  of  pancreas  containing  the  active  principle 
of  the  gland  (insulin)  upon  the  excretion  of  these  substances  by 
depancreated  dogs  was  studied.  This  study  was  initiated  before  a 
purified  extract  was  produced.  The  extracts  used  were  made  by 
alcoholic  extraction  of  the  whole  gland  of  the  ox,  the  alcohol  being 
subsequently  removed  by  vacuum  distillation.  They  had  a  fair 
degree  of  potency  but  contained  considerable  protein,  lipoid  and  salt 
and  were  relatively  very  crude  as  compared  with  later  products. 
The  results  obtained,  however,  show  in  a  very  striking  manner  the 
influence  upon  the  excretion  of  ketone  bodies,  a  fact  which  has  sub- 
sequently been  confirmed  on  clinical  cases  (cf.  Canadian  Medical 
Association  Journal,  March,  1922). 

The  animals  used  were  depancreated  and  placed  in  metabolism 
cages.  The  urine  was  collected  over  twenty-four  hours  periods  and 
the  total  excretion  of  ketone  bodies  determined  by  the  method  of 
Van  Slyke.^  When  a  very  definite  ketonuria  had  developed  extract 
was  administered  by  subcutaneous  injection. 

The  results  are  shown  in  the  accompanying  table: 


'Van  Slyke,  D.D.,  Jour.  Biol.  Chem.,  1917,  32,  455. 
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Excretion  of  Sugar  and  Ketone  Bodies  in  Depancreated  Dogs 


Whether 

Urine 

Total 

Total 

No.* 

Date 

Insulin 

Dextrose 

Acetone 

Remarks 

given 

Volume 

Excretion 

Bodies 

c.c. 

gms. 

mg. 

I 

Dec.  14 

No  insulin 

1,000 

75 

6  \vt.  15  Kg. 

"     15 

" 

885 

24 

62 

"     16 

" 

1,150 

36 

80 

"     17 

" 

1,000 

25 

60 

"     18 

" 

750 

27 

"     19 

" 

850 

29 

190 

Nitrogen  1 .  14. 

"     20 

u 

800 

28 

210 

Nitrogen  1.15 
Blood  sugar  0.309% 
Blood  sugar  ;  0.217% 
following       <  0.085% 
insulin            VO.051% 

"     21 

insulin 

600 

none 

none 

II 

Jan.    6 

no  insulin 

1,000 

29.7 

100 

"       7 

" 

375 

28.4 

187 

Blood  sugar  0.351% 

p.m. 

insulin 

Lowered  blood  sugar 
to  0.085% 

Jan.    8 

no  insulin 

425 

4.25 

none 

"       9 

" 

325 

9.95 

none 

"     10 

" 

370 

9.6 

none 

"     11 

" 

275 

25.2 

34 

"     12 

" 

325 

25.4 

55 

"     13 

" 

750 

18.0 

114 

p.m. 

insulin 

Jan.  14 

*' 

600 

8.0 

none 

III 

Jan. 13 

no  insulin 

750 

22.4 

206 

9  wt.  5  Kg. 

"      14 

" 

1,750 

63 

3.141 

Blood  sugar  0.295%. 

p.m. 

insulin 

500 

30 

none 

Insulin  given  at  9  a.m. 
Dogkilled  at  4.30p.m. 

The  most  convincing  of  these  experiments  is  number  two  in 
which  administration  of  insulin  on  one  day,  January  7th,  caused  the 
acetone  bodies  to  disappear  from  the  urine  of  the  next  three  days, 
during  which  no  insulin  was  given.  After  this  they  again  gradually 
appeared  to  be  removed  a  second  time  by  injection  of  insulin. 


r" 
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The  place  of  the  "all-or-none"  principle  in  modern  physiology  has 
been  admirably  set  forth  by  Martin  (1).  Many  physiologists  are  now 
satisfied  that  the  experiments  of  Lucas  (2)  and  Adrian  (3)  demonstrate 
the  validity  of  this  principle,  at  least  for  the  motor  nerves  of  the  frog. 
When,  however,  one  compares  conduction  in  a  motor  nerve  trunk 
artificially  stimulated  by  an  electric  shock  with  that  over  a  reflex-arc, 
where  the  motor  nerve  is  stimulated  in  a  more  natural  fashion,  the  dif- 
ferences are  most  apparent.  Sherrington  (4)  has  devoted  a  large  share 
of  his  book,  The  Integrative  Action  of  the  Nervous  System,  to  these  dif- 
ferences. Graham  Brown  (5)  has  written  specificially  on  the  applica- 
tion of  the  "all-or-none"  principle  to  mammalian  reflexes,  and  has  con- 
cluded that  "the  discharge  of  the  efferent  neurone  in  a  specific  type  of 
reflex  activity  has  not  the  character  of  an  'all-or-none'  response  to 
graded  stimuli."  This  is  in  accord  with  the  statement  made  earlier  by 
Sherrington  (4)  that  there  is  "less  close  correspondence  between  the 
grading  of  the  intensity  of  the  stimulus  and  the  grading  of  the  intensity 
of  the  end  effect"  in  reflex-arcs  than  in  nerve-trunk  conduction.  Sher- 
rington and  Sowton  (6)  later  showed  that  with  single  inductorium 
break-shocks  of  graded  intensity  applied  to  an  afferent  nerve-trunk,  a 
more  extensive  gradation  of  flexor  contraction  is  found  than  in  the  case 
of  the  same  muscle  stimulated  directly  through  its  motor  nerve.  Fur- 
thermore this  grading  of  muscular  contraction  persists  even  when  the 
afferent  nerve  is  stimulated  by  break-shocks  which  are  supramaximal 
for  the  same  muscle  directly  stimulated  through  its  motor  nerve.  It  is 
therefore  possible,  according  to  these  authors,  for  a  reflex  response  to  be 
much  greater  than  the  maximum  contraction  excitable  in  a  muscle- 
nerve  preparation.  Surely,  this  would  appear  to  be  incompatible  with 
the  "all-or-none"  principle. 

228 
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A  similar  phenomenon  has  been  reported  by  Forbes  and  Gregg  (7). 
Instead  of  the  usual  myograph  records  these  investigators  employed  the 
electrical  responses  of  muscles  and  nerves  as  a  criterion  of  activity. 
They  concluded  that  all  the  fibers  in  a  nerve-trunk  are  active  when  the 
action  current  has  attained  a  maximum.  Nevertheless  they  were  able 
to  observe  both  an  increase  in  the  intensity  of  the  muscular  response 
and  also  a  spread  in  reflex  act'vity  involving  more  and  more  muscles, 
when  the  stimulus  applied  to  the  afferent  nerve  was  increased  beyond 
this  maximum. 

The  reason  for  this  apparent  failure  of  the  application  of  the  "all-or- 
none"  principle  to  mammalian  reflexes  might  lie  in  the  very  character 
of  mammalian  nerves  themselves.  The  nerves  of  the  frog,  a  cold- 
blooded and  more  primitive  vertebrate,  are  known  to  be  much  more 
resistant  to  stretching,  cooling,  removal  of  blood  supply,  etc.,  than  are 
mammalian  nerves.  It  is,  however,  generally  assumed,  but  has  not  as 
yet  been  proven,  that  the  "all-or-none"  law  applies  to  all  vertebrate 
nerve  fibers  in  general.  If  the  assumption  is  made  that  mammahan 
nerves  do  behave  in  the  same  manner  as  amphibian  nerves  it  might 
be  that  conduction  through  some  part  of  the  reflex  arc  does  not  obey 
the  "all-or-none"  principle.  When  one  considers  the  essential  parts  of 
a  reflex-arc,  viz.,  the  afferent  nerve  fiber,  its  synapses  with  internuncial 
neurones  in  the  central  nervous  system,  the  internuncial  neurones  them- 
selves, their  synapses  with  the  efferent  neurones,  and  finally  the  effervent 
neurones  composing  the  "final  common  path,"  one  is  inclined  to  assume 
conduction  to  be  the  same  in  all  nerve  fibers  and  to  suspect  only  the 
synapses  for  irregularities  in  behavior.  There  is  certain  evidence  that 
conduction  in  afferent  fibers  is  similar  to  that  in  motor  fibers.  Forbes 
and  Gregg  (8)  found  that  upon  stimulating  mammalian  nerves,  both 
sensory  and  motor,  with  break-shocks  of  increasing  intensity,  a  maxi- 
mal value  of  the  action  current  was  reached  at  about  47  units  on  the 
Martin  scale.  Stimuli  of  several  times  this  value  caused  no  further 
increase  in  the  action  current,  though  in  response  to  the  more  powerful 
shocks  the  nerve  no  longer  recorded  simple  action  currents.  The  curves 
for  stimuli  above  47  units  were  always  deformed  as  if  a  second  or  third 
propagated  disturbance  had  passed  along  the  nerve  as  a  result  of  a 
prolonged  local  excitatory  process  at  the  point  of  stimulation.  Adrian 
(9)  also  found  that  there  was  no  essential  difference  between  the  response 
of  a  sensory  fiber  and  that  of  a  motor  fiber  since  they  have  the  same 
chronaxie. 
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On  the  other  hand  the  synapse,  i.e.,  the  junction  between  one  neurone 
and  another,  has  been  held  responsible  for  nearly  eveiy  irregularity  in 
the  physiology  of  the  nervous  system.  The  most  profitable  view  of  the 
synapse  in  our  opinion  is  that  of  Lucas  (2)  who  considers  it  to  be  of  the 
same  character  as  an  area  of  decrement  in  a  nerve  due  to  narcosis,  etc., 
in  passing  through  which  the  strength  of  the  propagated  disturbance 
(nervous  impulse)  becomes  diminished.  Sherrington  (4,  p.  17)  has 
;sunmied  up  the  possibilities  of  the  synapse  and  considers  that  it  may 
very  well  be  responsible  for  the  difference  between  reflex-arc  conduction 
and  nerve-trunk  conduction.  It  is  a  fact  that  although  the  nervous 
system  is  histologically  continuous  throughout  its  entire  extent,  yet 
when  a  reflex  impulse  is  intensified  it  does  not  spread  to  every  part  of 
the  bod}^,  e.g.,  in  the  flexion-reflex  the  spread  never  extends  to  the 
muscles  of  the  pinna  of  the  ear.  Sherrington's  explanation  is  that  the 
resistance  to  irradiation  in  different  directions  is  referable  to  differences 
in  the  facility'  of  conduction  at  different  synapses  (4,  p.  154).  This 
doctrine  of  "graded  s.ynaptic  resistance"  has  been  criticised  by  Forbes 
and  Gregg  (8,  p.  227)  who  show  that  the  idea  as  outlined  by  Sherrington 
is  absolutely  "incompatil^le  with  the  'all-or-none'  principle." 

After  studying  Adrian's  experiments  which  are  considered  "proof" 
that  conduction  in  the  frog's  motor  nerve  follows  the  "all-or-none" 
law,  we  became  convinced  that  the  same  methods  could  be  applied  to  a 
study  of  conduction  in  mammalian  nerves  and  to  a  certain  degree  to 
conduction  over  reflex-arcs.  There  appear  to  be  two  main  points  to 
be  proven:  a,  "The  size  of  the  propagated  distiu-bance  at  any  point 
in  a  nerve  fiber  depends  only  on  the  local  condition  of  the  fiber  at  that 
point  and  not  on  the  previous  history  of  the  disturbance  before  it  ar- 
rived there"  (3,  p.  460).  The  proof  of  this  was  accomplished  in  the 
frog's  motor  nerve  by  using  as  a  measure  of  the  intensity  of  the  nervous 
impulse  its  ability  to  pass  through  a  narcotized  area.  Adrian  (10) 
narcotized  simultaneously  a  section  of  one  nerve,  and  two  shorter  sec- 
tions of  another  nerve.  The  lengths  of  these  sections  were  so  chosen 
that  the  sum  of  the  two  small  sections  was  just  equal  to  the  large  one, 
but  the  two  small  sections  were  separated  by  a  short  length  of  normal 
nerve.  If  the  size  of  the  propagated  disturbance  is  dependent  on  the 
strength  of  the  original  stimulus  then  both  nerves  should  become  suf- 
ficiently narcotized  to  prevent  the  nerve  impulse  from  reaching  the 
muscle  at  the  same  time.  But  if  upon  reaching  an  unnarcotized  area 
where  the  nerve  may  regain  its  full  powers  of  conducting  an  impulse, 
and  if  the  energy  of  the  propagated  disturbance  then  returns  to  its 
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original  value,  the  nerve  with  the  two  narcotized  regions  should  continue 
to  send  impulses  through  to  the  muscle  after  the  other  had  ceased.  He 
found  the  latter  to  be  the  case,  b,  "In  any  nerve  fibre  under  normal 
conditions  there  is  an  all-or-none  relation  between  the  strength  of  the 
stimulus  and  the  size  of  the  propagated  disturbance  which  follows  it" 
(3,  p.  472).  This  was  proven  by  finding  the  strength  of  stimulus  neces- 
sary to  give  maximum  and  minimum .  contractions  of  a  muscle-nerve 
preparation  w'hose  nerve  was  being  gradually  narcotized.  Adrian 
found  that  the  strength  of  stimulus  necessary  to  affect  the  muscle  did 
not  rise  graduall}^  but  remained  approximately  constant  until  conduc- 
tion failed,  i.e.,  the  strength  of  stimulus  required  to  give  a  maximal 
contraction  never  rose,  although  the  maximal  contractions  diminished 
in  height  as  narcosis  progressed.  The  strength  of  stimulus  necessary 
for  minimal  contractions,  however,  did  rise  during  narcosis  and 
before  the  complete  extinction  of  the  propagated  nervous  disturbance  it 
reached  the  same  value  as  for  a  maximal  contraction.  This  can  only 
mean  that  the  ''effective  strength  of  stimulus  for  any  one  nerve  fibre 
remains  absoluteh'  unchanged  until  the  moment  when  conduction  in 
that  fibre  is  completely  suspended.'' 

Experimental  results.  Our  experiments  were  performed  on  de- 
cerebrate cats  prepared  according  to  Sherrington's  method.  The  cut 
passed  through  the  anterior  corpora  quadrigemina  and  no  portion  of  the 
cerebral  hemispheres  remained.  We  found  that  if  instead  of  checking 
at  once  the  hemorrhage  from  the  vertebral  arteries  we  allowed  a  small 
amount  of  blood  to  escape  and  form  a  dense  clot  over  the  stump  of 
the  brain  stem  the  preparation  would  remain  in  a  good  condition  for  a 
longer  period  than  otherwise,  in  several  cases  for  two  days.  It  is  of 
course  necessary'  that  the  preparation  be  kept  sufficiently  warm.  In 
nearly  all  the  experiments  the  muscle  used  was  the  tibialis  anticus, 
which  can  be  readily  freed  from  its  insertion  at  the  bony  tubercle  half- 
way between  the  point  of  the  heel  and  the  root  of  the  first  toe  with 
minimum  damage  to  circulation,  etc.,  in  order  to  allow  the  tendon  to 
be  attached  to  a  lever.  The  muscle  contractions  were  recorded  iso- 
tonically.  The  motor  nerve  for  this  muscle  is  the  peroneal,  and  the 
sensory  nerve  for  reflex  stimulation,  the  popliteal.  The  popliteal  was 
severed  near  the  knee  and  enclosed  in  Sherrington  electrodes  for  stimula- 
tion in  a  central  direction.  We  found  that  if  the  small  blood  vessels 
lying  on  this  nerve  could  be  preserved  the  nerve  would  sometimes  re- 
main sensitive  over-night  without  changing  the  position  of  the  elec- 
trodes, but  that  if  we  were  unable  to  preserve  this  blood  supply  the 
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sensitivity  of  the  nerve  disappeared  in  an  hour  or  so.  In  order  to  pre- 
vent interference  from  other  muscles,  all  the  hamstring  and  the  femoral 
nerves  were  cut.  In  the  case  where  the  semitendinosus  muscle  was  used, 
the  motor  nerve  was  the  middle  branch  of  the  hamstring  nerves  and  the 
sensory,  the  whole  sciatic  severed  distal  to  the  hamstring  branches,  in 
this  case  the  whole  femoral  nerve  was  severed. 

As  the  source  of  stimulation  single  condenser  discharges  were  used. 
It  is  well  known  that  in  stimulation  by  electrical  means  both  the  dif- 
ference of  potential  and  the  rate  of  discharge  are  factors  in  setting  up 
a  disturbance  in  a  nerve  sufficient  to  cause  an  impulse  to  pass  along  the 
nerve.  By  varying  the  resistance  between  the  condenser  and  the 
stimulating  electrodes  the  rate  of  discharge  alone  is  changed.  Varying 
the  resistance  is  a  very  simple  procedure,  therefore  it  appears  to  be  one  of 
the  best  methods  for  varying  the  strength  of  stimulus  since  one  factor 
only  is  changed,  and  that  is  done  in  a  known  quantitative  manner. 
We  have  practically  always  employed  this  method  in  our  experiments. 

1.  Motor  nerves.  Relation  of  strength  of  stimulus  to  its  previous 
history.  In  order  to  narcotize  portions  of  nerves,  cups  made  in  ebonite 
blocks  were  used.  These  cups  were  5  nmi.  in  depth  and  connected  with 
the  ends  of  the  blocks  by  troughs  2.5  mm.  deep  and  3  mm.  wide.  One 
block  15  mm.  square  and  8  mm.  deep  contained  a  single  cup  of  9  mm. 
diameter.  The  other  25  mm.  long,  10  mm.  wide  and  8  nmi.  deep  held 
two  cups  each  4.5  mm.  in  diameter  and  separated  from  each  other  by  a 
trough  10  mm.  in  length. 

The  motor  nerve  to  be  narcotized  was  laid  in  the  troughs  across  the 
blocks  without  pulling  or  stretching.  The  troughs  were  then  filled  with 
vaseline  so  that  only  those  parts  of  the  nerve  lying  across  the  cups  were 
bare.  When  the  cups  were  in  place  a  stimulus  of  sufficient  strength 
was  applied  to  the  nerve  to  give  just  a  maximum  contraction  of  the 
muscle.  There  was  then  placed  in  the  cups  by  means  of  a  pipette  20 
per  cent  alcohol  (absolute  alcohol  in  normal,  0.8  per  cent  saline). 
Enough  alcohol  was  introduced  to  fill  the  cup  completely  and  surround 
the  nerve.  A  cover  of  mica  was  then  placed  over  the  cup  in  such  a  way 
that  no  bubble  of  air  was  included.  This  cover  prevents  evaporation, 
yet  allows  one  to  see  into  the  cup,  and  is  not  so  fragile  as  glass.  Great 
care  must  be  taken  in  the  application  of  vaseline.  There  must  be  no 
vaseline  on  the  length  of  nerve  within  the  cup,  yet  ever;>nvhere  else  the 
nerve  must  be  protected,  especially  between  the  two  small  cups,  and 
there  must  be  no  leakage  from  the  cups;  care  must  also  be  taken  that 
no  blood  clot  forms  in  the  cup  for  this  protects  the  nerve  and  prevents 
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narcotization.  At  the  instant  of  filling  the  cups  a  stop-watch  was 
started  and  the  nerve  was  stimulated  usually  every  30  seconds,  some- 
times every  15  seconds  but  not  oftener.  The  record  of  the  muscular 
contraction  was  taken  on  a  slow-drum  (fig.  1). 

We  found  that  if  the  blood  supply  to  the  nerves  was  in  good  order 
the  nerve  would  begin  to  recover  from  complete  narcosis  within  5  min- 
utes, the  cups  having  been  removed  and  the  nerve  bathed  in  warm  Ring- 
er's fluid.  Furthermore  the  position  of  the  electrodes  could  be  left 
unchanged.  Under  these  conditions  we  found  that  the  height  of  the 
contractions  was  the  same  after  narcosis  as  before.  In  the  majority 
of  experiments  we  therefore  employed  one  nerve,  using  the  two  blocks 
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Fig.  1.  Myograph  records  of  contraction  of  tibialis  anticus  muscle  in  cat  26b. 
Electrodes  for  stimulation  and  cups  for  narcotization  on  the  peroneal  (motor) 
nerve.  This  is  the  fifth  experiment  on  the  same  nerve  without  altering  the  posi- 
tion of  the  electrodes  (see  table  1).  The  block  containing  two  cups  was  placed 
on  the  nerve  after  the  recovery  shown  in  the  first  part  of  the  record.  Alcohol  was 
introduced  at  the  moment  indicated  at  O.  The 'numbers  indicate  the  time  in 
minutes  after  the  introduction  of  alcohol.  The  last  response  occurred  at  11 
minutes,  there  was  no  response  at  II5  minutes.  The  cups  were  removed  at  12 
minutes.  The  nerve  was  washed  and  the  wound  closed  until  13^  minutes.  At 
14  minutes  recovery  began.  Stimuli  were  sent  in  every  15  seconds  for  6  minutes, 
the  maximum  having  been  reached.  The  block  with  the  one  cup  was  then  put  in 
place  and  alcohol  added.     The  last  response  was  at  5f  minutes,  none  at  6  minutes. 

alternately.  We  very  often  started  the  experiment  with  the  block 
containing  the  one  cup,  for  on  the  assumption  that  conduction  in  the 
nerve  in  the  two  cups  would  continue  for  a  longer  time  than  when  the 
one  cup  was  used,  there  might  be  some  advantage  for  the  first  experi- 
ment tried.     The  nerve  would  be  fresher,  less  liable  to  be  damaged, 
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etc.,  than  after  the  manipulation  of  putting  the  block  in  place  and  the 
recovery  from  narcosis.  Nevertheless  the  results  showed  very  con- 
sistently that  conduction  through  the  two  cups  continued  longer  than 
through  the  one.  In  table  1,  which  gives  the  results  of  our  experiments 
on  motor  nerves,  the  numbers  in  parentheses  indicate  the  order  in  which 
the  trials  were  made.     Thus  in  cat  26  two  cups  were  first  used,  then  the 

TABLE  1 
Effect  of  narcotizing  the  same  length  of  a  motor  nerve  in  one  section  and  in  two  sec- 
tions. Electrodes  on  same  motor  nerve.  The  numbers  in  'parentheses  indicate 
the  order  in  which  trials  were  made.  Change  of  electrodes  or  use  of  a  new  part  of 
the  nerve  is  indicated  by  a  letter  after  the  serial  number  of  the  experiment.  The 
time  in  minutes  from  the  beginning  of  narcotization  to  the  last  response  is  given 


CAT 

1  CUP,  LAST  RESPONSE  AT 

2  CUPS,  LAST  RESPONSE  AT 

7nimites 

minutes 

22 

(2) 

3i 

(1)    7 

23 

(1) 

4§ 

(2)     31 

24a 

(1) 

llf 

(2)  12i 

24b 

(1) 

81 

(2)  17 

(1) 

61 

(2)  loi 

25 

• 

(3) 

10 

(4)  15§ 

(5) 

7h 

(6)  n 

26a 

(1) 

9 

(2)  9 

(3)  16 

26b 

1 

(2) 

6i 

(1)  101 

\ 

(4) 

41 

(3)     7f 

(6) 

51 

(5)  11 

26c 

/ 

(2) 

41 

(1)  m 

1 

(4) 

51 

(3)    8^ 

32 

(1) 

6 

(2)     7 

Average 

6.6  minutes 

10.9  minutes 

one,  then  the  two  again,  etc.,  and  the  stimulating  electrodes  were  un- 
changed until  after  the  sixth  trial.  In  cat  23  there  was  probabl}?"  a 
leakage  of  alcohol  into  the  trough  connecting  the  two  cups  though  this 
was  not  noticed  at  the  time.  Taking  the  average  of  all  the  results 
conduction  through  the  one  cup  lasted  only  6.6  seconds,  while  through 
the  two  cups  it  remained  for  10.9  seconds.  Therefore  for  mammalian 
motor  nerves  as  well  as  for  the  frog's  motor  nerves  we  can  say  that 
"the  size  of  the  disturbance  at  any  point  in  a  normal  fibre  depends  only 
on  the  local  condition  of  that  point  and  not  on  the  previous  history  of 
the  disturbance." 
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2.  Motor  nerves.  Maximal  and  minimal  stimuli  during  narcotization. 
The  experimental  procedure  for  this  part  of  the  work  was  similar  to 
that  described  in  the  previous  section.  Only  the  block  containing  the 
one  cup  was  used.  After  the  blocks  had  been  set  in  place  the  strengths 
of  stimulus  required  to  give  a  maxunal  and  a  minimal  contraction  of 
the  muscle  were  found.  Twenty  per  cent  alcohol  in  saline  was  intro- 
duced into  the  cup  and  the  nerve  was  stimulated  not  oftener  than  every 
15  seconds.     The  strengths  of  stimulus  necessary  to  cause  maximal  and 
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Fig.  2.  Graph  showing  rise  in  minimal  stimulus,  constancy  in  maximal  stimu- 
lus, and  fall  in  maximal  contraction  during  narcotization  of  motor  nerve.  Motor 
nerve  stimulated.  Abscissae  mark  time  in  minutes  from  beginning  of  narcotiza- 
tion; ordinates  mark  strengths  of  stimuli  (resistance  in  ohms)  and  heights  of 
muscular  contractions  (in  centimeters).  The  miminal  stimulus  reaches  the 
value  of  the  maximal  at  6j  minutes.  The  nerve  ceases  to  conduct  after  6f 
minutes. 

minimal  responses  were  determined  alternately  until  the  muscle  no 
longer  responded  even  to  what  was  previously  a  supramaximal  stimulus. 
A  typical  curve  is  shown  in  figure  2.  From  myograph  records  it 
appears  that  with  the  strength  of  alcohol  we  used  narcosis  begins  to 
act  within  a  very  few  minutes  after  its  application.     In  control  experi- 
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ments  without  alcohol  the  threshold  for  the  minimal  stimulus  rose  in  a 
few  cases  until  a  constant  was  reached.  In  the  majority  of  controls 
the  threshold  remained  constant  from  the  first.  Therefore  in  a  small 
proportion  of  our  experiments  with  alcohol  the  first  changes  in  the 
threshold  stimulus  may  have  risen  due  to  "uncontrolled  variations  in 
the  local  excitability  of  the  nerve."  Lodholtz  (11)  has  shown  that 
such  variations  may  be  avoided  in  a  frog's  muscle  nerve  preparation 
if  very  great  precautions  are  taken  to  prevent  any  change  in  the  condi- 
tion of  the  nerve  in  the  region  of  the  electrodes. 

When  the  threshold  stimulus  rises  in  alcohol  narcosis  it  might  be 
due  either  to  an  increase  in  the  intensity  of  the  nervous  impulse  in  the 
more  susceptible  fibers,  so  that  the  impulse  is  able  to  pass  through  the 
region  of  the  decrement  in  them,  or  it  might  be  due  to  the  increased 
stimulus  affecting  other  less  susceptible  fibers.  That  this  latter  is 
the  case  is  shown  by  the  fact  that  in  our  experiments  the  height  of  the 
maximal  muscular  contraction  became  less  as  the  threshold  stimulus 
rose,  and  increasing  the  strength  of  the  stimulus  beyond  the  original 
maximum  caused  no  increase  in  the  height  of  muscular  contractions. 
In  other  words,  the  strength  of  stimulus  required  to  give  a  maximal 
contraction  never  rose  although  the  actual  height  of  the  maximal  con- 
traction decreased  as  narcosis  progressed.  The  strength  of  stimulus 
necessary  for  minimal  responses,  however,  did  rise,  until  at  the  moment 
when  conduction  ceased  it  was  equal  to  that  required  for  a  maximal 
stimulus. 

From  these  experiments  we  conclude  that  in  the  mammalian  motor 
nerve  fibers,  like  the  frog's  motor  nerve  fibers,  there  is  an  all-or-none 
relation  between  the  strength  of  stimulus  and  the  size  of  the  propagated 
disturbance  which  follows  it. 

3.  Sensory  nerves.  One  of  the  difficulties  in  investigating  sensory 
nerves  is  in  finding  a  satisfactory  criterion  of  their  activity.  In  using 
the  muscular  response  in  this  capacity  it  is  hard  to  obtain  a  maximal 
contraction  without  causing  the  whole  body  of  the  cat  to  move. 
Furthermore,  changes  in  the  condition  of  the  central  nervous  system, 
such  as  those  caused  by  a  struggle  on  the  part  of  the  animal,  pinching 
its  toes,  flicking  its  ears,  etc.,  markedly  influences  the  amount  of  mus- 
cular response  obtainable  by  reflex  stimulation.  This  is  of  course  the  phe- 
nomenon which  Sherrington  has  called  "spinal  induction."  We  found, 
however,  that  if  conditions  were  kept  constant  and  decerebration  had  been 
so  far  posterior  as  to  prevent  entirely  any  mimetic  movements  on  the 
part  of  the  preparation  we  could  obtain  very  consistent  results  (table  2, 
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especially  cat  28).  We  found  that  the  sensory  nerves  were  more  likely 
to  lose  irritability  under  the  conditions  of  the  experiment  than  motor 
nerves,  yet  we  were  compelled  to  use  a  25  per  cent  solution  of  alcohol 
in  saline  in  order  to  produce  complete  narcosis  in  the  sensory  nerves 
within  a  reasonable  length  of  time.  Thus  it  was  sometimes  impossible 
to  use  the  same  nerve  for  alternate  trials  with  the  one  cup  and  two  cup 
blocks  as  we  did  with  motor  nerves,  since  complete  recovery  of  con- 
ductivity often  did  not  return.     In  one  case  we  dissected  out  the  nerve 


table  2 


Effect  of  narcotizing  the  same  length  of  sensory  nerve  in  one  section  and  in  two  sec- 
tions.   Electrodes  on  same  sensory  nerve 


CAT 

1  CUP,  LAST  RESPONSE  AT 

2  CUPS,  LAST  RESPONSE  AT 

22a 
22b 
24 

26a*                 1 

27 
28a 

28b 

32t 
34 

minutes 

(1)  31 

(1)  ^ 

(1)  6 

(1)  8J  (Right  leg) 

(2)  41  (Left  leg) 
(1)  9i 

(1)  1 
(1)  41 

(3)  21 
(5)  6 
(7)  8^ 

2    (Right  leg) 
(1)  2f 

minutes 

(2)     6 
(2)     5i 
(2)  15^ 

(1)  191  (Left  leg) 

(2)  4f  (Right  leg) 
(2)  lU 

(2)     Qi 
(2)     5^ 
(4)     3 
(6)     8f 
(8)  151 
8    (Left  leg) 
(2)     51 

Average 

4 . 6  minutes 

8.8  minutes 

*  Each  side  separately. 

t  Both  sides  simultaneously. 

on  the  other  side  of  the  body  and  applied  the  other  block  to  it  for  com- 
parison with  the  first  (cat  26).  In  only  a  few  cases  were  we  able  to 
keep  the  position  of  the  electrodes  the  same  in  different  trials  (cat  28). 
In  an  attempt  to  avoid  these  difficulties  in  general  and  also  to  have  the 
same  state  of  irritability  in  the  central  nervous  system  during  both 
trials,  we  made  a  few  preparations  employing  both  legs  simultaneously 
(cat  32). 

Our  results  for  sensory  nerves  are  shown  in  table  2.  We  found  that 
the  average  time  for  extinction  of  the  impulse  in  a  sensory  nerve  narco- 
tized in  one  long  section  was  5  minutes,  and  that  for  a  nerve  narcotized 
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in  two  shorter  sections,  8.7  minutes.  These  results  are  in  agreement 
with  those  obtained  for  motor  nerves. 

For  our  second  type  of  experiment  we  used  cats  which  were  practi- 
cally without  decerebrate  rigidity,  since  we  found  in  such  preparations 
less  likelihood  of  irregularities  due  to  changes  in  irritability.  A  stronger 
stimulus  was  necessary  to  cause  a  maximal  contraction  than  in  the  case 
of  motor  nerves,  otherwise  the  procedure  was  the  same.  For  the  sake 
of  comparison  we  used  in  one  experiment  single  break-shocks  from  the 
secondary  of  an  inductorium.  In  all  respects  the  curves  were  of  ex- 
actly the  same  nature  as  those  for  motor  nerves. 

4.  Conduction  over  a  reflex-arc.  The  experiments  in  section  3  might 
be  classified  as  conduction  over  a  reflex-arc,  but  in  these  experiments 
the  cups  were  placed  on  the  same  sensory  nerve  that  was  stimulated, 
and  we  were  careful  to  keep  conditions  so  constant  that  we  believe  the 
response  of  the  muscle  was  in  all  these  cases  a  true  index  of  the  behavior 
of  the  sensory  nerve.  In  order  to  test  conduction  over  the  reflex  arc 
we  stimulated  the  sensory  nerve  but  placed  the  cups  on  the  motor  nerve. 
The  nervous  impulse  therefore  had  to  travel  through  at  least  one  synapse 
before  reaching  the  area  of  decrement  in  the  narcotized  motor  nerve. 
Here  again  we  found  that  under  constant  conditions  exactly  the  same 
relationship  held  in  each  type  of  experiment  which  we  had  found  for 
both  motor  and  sensory  nerves.  Table  3  gives  the  results  of  the  first 
type  of  experiment,  and  the  curves  in  the  second  type  of  experiment  are 
practically  the  same  as  those  shown  in  figure  2.  It  therefore  appears 
that  under  constant  conditions  the  all-or-none  principle  holds  for  con- 
duction over  the  reflex-arc  in  the  mammal. 

It  is  when  conditions  in  the  central  nervous  system  are  changing  that 
we  find  behavior  apparently  at  variance  with  the  all-or-none  principle. 
We  have  found  that  one  of  the  best  methods  for  changing  the  conditions 
of  irritability  in  the  decerebrate  cat  is  to  twist  its  head  sharply  to  one 
side.  This  increases  the  decerebrate  rigidity  to  a  marked  degree.  In 
this  state  the  preparation  is  very  excitable  and  a  slight  stimulus  will  call 
forth  a  vigorous  response.  In  properly  decerebrated  preparations 
excitability  returns  to  its  former  condition  within  one  minute  after  re- 
leasing the  head.  If  we  increased  the  excitability  of  the  cat  in  this 
manner  while  conducting  the  second  type  of  experiments  reported  in  this 
section  just  after  the  moment  when  the  original  minunal  stimulus  had 
failed  to  give  a  response,  we  found  that  this  original  minimal  stimulus 
now  caused  a  vigorous  response,  and  furthermore  the  following  maximal 
stmiulus  caused  a  higher  contraction  than  it  had  done  just  previously 
(fig.  3).     A  similar  result  could  sometimes  be  obtained  at  the  end  of  the 
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Effect  of  narcotizing  the  same  length  of  motor  nerve  in  one  section  and  in  two  sec- 
tions, stimulus  applied  to  sensory  nerve 


CAT 

1  CUP,  LAST  RESPONSE  AT 

2  CUPS,  LAST  RESPONSE  AT 

24 

26* 

29 

30t 
32t 

minutes 

(2)  11 

(1)  3      (Right  leg)      1 

(1)  ^ 

(3)  3J 
(5)  3| 

(1)  7i  (Right  leg) 

(2)  2f  (Left  leg) 

(3)  2i  (Bight  leg) 

(4)  31  (Left  leg) 
(1)  4i  (Left  leg) 

minutes 

(1)     31 

(1)  8      (Left  leg) 

(2)  4i    (Right  leg) 
(2)     4^ 

(4)     6§ 

(1)  11      (Left  leg) 

(2)  3f    (Right  leg) 

(3)  2i    (Left  leg) 

(4)  4i    (Right  leg) 
(2)     8f    (Righcleg) 

Average 

3.7  minutes 

5.7  minutes 

*  Each  side  separately. 

t  Both  sides  simultaneously. 
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Fig.  3.  Graph  similar  to  figure  2.  Sensory  nerve  stimulated,  motor  nerve 
narcotized.  Minimal  stimulus  rose  at  U  minute.  Irritability  artificially 
increased  through  spinal  induction  7i  at  U  minute.  Minimal  stimulus  returns 
to  its  former  value,  also  height  of  maximal  contraction  increased.  Similar 
effect  at  h.     Otherwise  results  the  same  as  in  figure  2. 
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experiment  at  the  moment  when  conduction  in  response  to  a  maximal 
stimulus  had  just  been  extinguished  for,  by  twisting  the  cat's  head  and 
thus  increasing  the  irritability,  this  same  strength  of  stimulus  now 
caused  a  small  contraction.  This  could  be  kept  up  for  only  a  very  few 
moments  before  all  power  of  conducting  an  impulse  disappeared.  We 
tried  this  procedure  in  experiments  where  the  sensory  nerve  was  stimu- 
lated and  the  cups  were  on  the  sensory  nerve,  and  found  the  same  thing 
to  be  true. 

Discussion.  It  would  appear  that  there  can  be  no  question  but  that 
the  motor  and  sensory  nerves  of  the  cat,  and  reflex-arcs  as  well,  conduct 
nervous  impulses  according  to  the  all-or-none  principle,  provided  condi- 
tions are  kepi  constant,  especially  the  state  of  excitability  in  the  central 
nervous  system.  The  nearer  one  can  reduce  the  cat  to  the  conditions 
of  the  ordinary  muscle-nerve  preparation,  the  more  exact  is  the  applica- 
tion of  the  all-or-none  principle.  But  with  the  exployment  of  excessive 
strengths  of  stimuli,  the  performance  of  any  "voluntary  movement" 
on  the  part  of  the  preparation,  the  placing  of  a  part  of  the  preparation 
in  a  new  position,  etc.,  all  result  in  a  condition  of  increased  excitability, 
so  that  subminimal  stimuli  become  supraminimal,  and  a  former  maxi- 
mal stimulus  may  cause  a  greater  response  than  at  first.  Many  of  the 
discrepancies  in  reflex  conduction  described  in  the  introduction,  it  seems 
to  us,  may  be  explained  on  these  grounds.  But  it  remains  to  be  proven 
whether  this  increase  in  response  during  a  condition  of  heightened 
irritabihty  is  due  to  changes  in  intensity  of  the  nervous  impulse,  or  to 
changes  in  extensity  whereby  more  nerve  fibers  are  brought  into  play, 
each  acting  at  its  maximum  or  not  at  all. 

Lucas,  Adrian,  Forbes  and  Gregg  in  particular  incline  to  the  latter 
view,  while  Sherrington  and  Brown  favor  the  former.  Sherrington  (4) 
has  enumerated  the  ways  in  which  the  central  nervous  system  may  in- 
fluence the  response  to  afferent  stimulation;  a,  by  "successive  spinal 
induction;"  b,  by  "reinforcement"  or  immediate  spinal  induction;  c,  by 
the  influence  of  the  ''tonus  labyrinth."  In  our  experiments  stimulation 
of  the  contralateral  hind  foot  is  the  example  of  the  first;  stimulation  of 
the  contralateral  fore-foot  is  an  example  of  the  second;  and  twisting 
the  head  an  example  of  the  third.  The  mechanism  of  the  first  and  third 
may  be  the  same. 

An  attempt  has  been  made  by  Sherrington  (4,  p.  120-124)  to  show  in 
an  experiment  on  the  scratch-reflex  that  such  spinal  induction  (using 
this  term  generally  to  include  all  three  methods)  is  a  matter  not  of 
extensity  but  of  intensity.    He  considers  that  there  are  two  possibilities, 
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either  that  particular  groups  of  afferent  fibers  may  be  connected  with 
separate  groups  of  motor  fibers  in  the  final  common  path;  or  that  the 
entire  group  of  neurones  composing  the  final  common  path  may  be 
connected  with  each  group  of  afferent  fibers.  He  regards  the  first  as  a 
case  of  extensity  and  the  second,  intensity.  His  proof  that  the  second 
hypothesis  is  correct  rests  on  the  fact  that  although  the  flexor  muscle 
fibers  of  the  hip  are  able  to  respond  to  stimuli  of  a  quicker  rhythm  than 
four  per  second,  nevertheless  stimulating  two  points  on  the  skin  alter- 
nately each  with  single  shocks  sent  in  at  the  rate  of  four  per  second 
produced  no  change  in  the  rhythm  of  the  scratch-reflex,  but  did  produce 
a  greater  amplitude  of  the  individual  muscular  contractions. 

We  are  of  the  opinion  that  the  scratch-reflex  is  too  complex  a  phenom- 
enon to  be  used  to  settle  this  point.  In  the  first  place,  a  stimulus 
consisting  of  a  single  shock  never  calls  forth  this  reflex.  There  must 
always  be  summation  of  stimuli  which  in  itself  introduces  complications. 
Second,  the  phenomenon  is  a  rhythmic  one  involving  alternate  contrac- 
tion and  relaxation  in  a  certain  set  of  muscles,  and  this  rhythm  is  un- 
alterable, as  Sherrington  shows.  Changing  the  intensity  of  the  repeated 
stimuli,  or  changing  the  rhythm  of  the  stimuli  has  no  effect  on  the 
rhythm  of  the  response.  There  must  be,  therefore^  a  rather  compli- 
cated nervous  mechanism  involved  in  the  rhythmic  control  of  the 
scratch-reflex  which  is  quite  incomparable  with  that  involved  in  a  single 
flexion-reflex.  If,  now,  one  rules  out  the  rhjt^hmic  character  of  the  scratch- 
reflex  which  is  without  counterpart  in  the  flexion-reflex,  and  considers 
what  happens  in  the  scratch-reflex,  when  the  strength  of  stimulus  is  in- 
creased, or  more  than  two  points  on  the  skin  are  scratched  simultaneously, 
one  finds  that  there  is  an  increase  in  the  amplitude  of  the  individual 
beats.  This  is  precisely  comparable  to  what  one  finds  in  the  flexion- 
reflex,  and  one  can  explain  this  effect  on  the  ground  that  with  increase 
in  stimulus  more  fibers  come  into  action.  Sherrington  has  considered 
that  this  is  a  case  of  intensity,  where  all  the  neurones  composing  the 
final  common  path  constitute  together  one  almost  unitary  apparatus, 
so  that  stimulation  of  any  one  point  in  the  whole  receptive  field  can 
excite  them  all.  As  an  example  of  the  other  type  of  reflex,  the  experi- 
ments of  Camis  (12)  may  be  quoted.  He  found  that  maximal  stimula- 
tion of  two  different  nerves  gave  a  greater  reflex  contraction  than  was 
possible  by  stimulating  one  of  them  alone.  In  fact,  the  peroneal  and 
saphenous  nerves  are  so  independent  in  their  action  on  the  semi-mem- 
branosus  muscle,  that  the  myogram  obtained  by  simultaneous  excitation 
of  these  two  nerves  is  equal  to  the  sum  of  both  myograms,  no  matter 
which  of  the  two  is  stimulated  first. 
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In  either  case  whether  it  is  possible  for  the  whole  final  common  path 
to  be  linked  with  one  group  of  afferent  nerves  or  only  a  part  of  it,  we 
can  see  no  objection  to  the  assumption  that  the  individual  nerve  fibers 
function  on  the  all-or-none  principle. 

There  appears,  however,  to  be  distinct  difficulty  with  Sherrington  and 
Sowton's  (6)  statement  that  a  reflex  response  may  be  much  greater 
than  the  maximum  contraction  excitable  in  a  muscle  nerve  preparation. 
It  is  always  assumed  that  when  a  maximal  contraction  is  given  by  a 
muscle-nerve  preparation  all  the  nerve  fibers  have  been  stimulated. 
This  is  the  very  basis  of  all  Adrian's  experiments.  If  now  by  employing 
reflex  stimulation  there  can  be  produced  a  greater  contraction  than 
when  all  the  motor  fibers  are  stimulated  directly,  the  increase  in  response 
would  at  first  sight  appear  to  be  possible  only  as  an  increase  in  the  in- 
tensity of  the  nervous  impulse.  Forbes  (12),  however,  has  outlined  a 
scheme  in  which  he  shows  that  this,  too,  may  be  a  matter  of  extensity. 
There  are  many  internuncial  neurones  between  the  afferent  nerves  and 
the  neurones  of  the  final  common  path.  These  may  occur  in  chains  of 
varying  length  so  that  all  the  impulses  which  leave  the  afferent  neurone 
mny  not  reach  the  neurones  of  the  final  common  path  at  the  same  time. 
Thus  some  may  arrive  in  the  "supra-normal"  phase  found  by  Lucas  (2) 
to  occur  in  frog's  motor  nerve  immediately  after  the  end  of  the  refrac- 
tory phase.  In  such  a  case  summation  would  occur  and  a  greater  con- 
traction would  result.  The  all-or-none  principle  does  not  claim  that 
each  nerve  or  muscle  fiber  always  acts  at  the  same  maximum  but  that 
under  a  given  condition  each  nerve  and  muscle  fiber  acts  to  its  fullest 
capacity  or  not  at  all. 

Although  it  is  possible  to  explain  theoretically  this  phenomenon  ob- 
served by  Sherrington  and  Sowton,  in  none  of  our  experiments  have 
we  ever  observed  a  greater  response  on  the  part  of  a  single  muscle  to 
reflex  stimulation  than  to  direct  stimulation  of  its  motor  nerve  and  it  has 
always  taken  far  less  strength  of  stimulus  to  obtain  the  maximal  response 
when  the  motor  nerve  was  stimulated  directly.  Forbes  and  Gregg  (7) 
have  found  that  in  using  string  galvanometer  records  of  action  currents 
as  a  criterion  of  activity  reflex,  responses  in  nerve  to  maximal  stimula- 
tion were  much  smaller  than  the  responses  to  direct  stimulation. 

Another  apparently  insurmountable  obstacle  in  the  way  of  the  all-or- 
none  principle  lies  in  the  interpretation  of  the  phenomena  of  vision  and 
other  sensations  such  as  touch,  hearing,  etc.  Both  Brown  (5)  and 
Forbes  and  Gregg  (8)  have  been  impressed  with  this  difficulty.  Since 
their  papers  were  written  there  has  appeared  the  record  of  a  series  of 
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most  carefully  worked  out  experiments  on  the  blue  arc  phenomenon  by 
Troland  (13).  He  shows  beyond  question  that  visual  responses  do  act 
on  the  "all-or-none"  principle,  and  he  makes  several  valuable  suggestions 
as  to  the  ways  in  which  it  is  possible  for  other  sensations  to  obey  the 
same  law. 

SUMMARY 

1.  It  is  possible  to  apply  to  mammalian  nerves  the  same  type  of 
experimentation  as  that  by  which  Adrian  has  proven  that  conduction 
in  the  motor  nerve  of  the  frog  obeys  the  all-or-none  principle. 

2.  Conduction  in  mammalian  nerves,  both  sensory  and  motor,  and 
over  the  reflex-arc  as  well  obeys  the  all-or-none  principle  if  conditions 
are  kept  absolutely  constant. 

3.  Any  change  whatsoever  in  the  state  of  excitability  or  any  altera- 
tion in  the  condition  of  the  central  nervous  system  alters  the  relation- 
ship between  the  strength  of  the  stimulus  and  the  amount  of  the  end- 
effect  in  reflex-arc  conduction. 

4.  The  increased  end-effect  due  to  heightened  excitability  may  be 
equally  well  accounted  for  on  the  supposition  that  more  neurones  are 
involved  as  on  the  supposition  that  the  intensity  of  the  nervous  impulse 
may  be  increased.  In  other  words,  in  spite  of  the  peculiarities  of  con- 
duction over  a  reflex-arc,  it  still  may  follow  the  all-or-none-principle. 
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Two  types  of  voluntary  control  of  the  heart  beat  are  recognized, 
the  indirect  and  the  direct.  By  indirect  control  is  meant  the  altera- 
tion in  the  rate  of  the  heart  which  may  be  brought  about  by  a  subject 
who,  being  of  a  highly  imaginative  and  susceptible  nature,  is  able  to 
conjure  up  scenes,  ideas  or  experiences  which  under  ordinary  circum- 
stances influence  the  heart  rate.  Such  an  individual  voluntarily 
arouses  emotional  sensations  and  through  these  sensations  influences 
his  heart's  action.  .Several  cases  of  this  nature  have  been  reported 
in  the  literature,  in  some  the  rate  was  increased,  in  others  it  was  slowed, 
by  a  self-induced  emotional  state.  There  is  really  nothing  very  ex- 
traordinary, from  a  physiological  point  of  view,  in  such  cases  of  indirect 
cardiac  control.  Of  more  interest  to  the  physiologist  and  the  clinician 
are  those  cases,  mentioned  by  Carpenter,  Frank  and  others,  in  which 
the  mere  direction  of  the  subject's  attention  either  by  himself  or  by 
another  to  the  heart  causes  a  change  in  its  rate.  In  some  instances  the 
rate  is  slowed  by  attention  to  the  heart,  in  others  it  is  accelerated.  In 
the  latter  instances  the  cardiac  acceleration  is  frequently  evident  to 
the  patient  himself  and  constitutes  one  form  of  palpitation. 

The  type  of  voluntary  cardiac  control  which  I  am  to  report  upon  is 
that  in  which  the  subject  accelerates  his  heart  without  any  prehminary 
emotional  effort,  and  in  which  mere  direction  of  the  attention  to  the 
heart  is  without  effect  upon  its  rate.     Furthermore,  the  heart's  accel- 
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eration  is  accompanied  in  many  cases  by  dilatation  of  the  pupils, 
constriction  of  the  peripheral  vessels  or  other  phenomena  associated 
with  sympathetic  excitation. 

If  one  may  judge  from  the  few  cases  reported  in  the  literature,  direct 
voluntary  control  of  the  heart  is  a  rare  accomplishment.  The  first 
case,  so  far  as  we  are  aware,  was  reported  by  Tuke  (1)  in  1872  in  his 
essay  entitled,  The  influence  of  the  mind  upon  the  body  in  health  and 
disease.  The  subject,  aged  72,  and  a  Fellow  of  the  Royal  Society,  was 
able  by  an  effort  of  the  will  to  accelerate  his  heart  from  63  to  82,  an 
increase  of  19  beats  per  minute.  No  records  are  given  of  hand  volume 
or  of  blood  pressure  and  no  mention  is  made  of  any  sympathetic  phe- 
nomena. The  subject  when  asked  to  describe  the  manner  in  which  the 
acceleration  was  brought  about,  could  scarcely  do  so  but  said  that  it 
seemed  to  be  due  to  a  "sort  of  impulse  accompanied  by  an  internal 
shiver."  Tarchanoff  (2)  in  1885  reported  a  case  of  a  medical  student 
who  could  increase  the  heart  rate  from  72  to  120  per  minute.  Careful 
records  were  made  in  this  case  of  blood  pressure  and  hand  volume. 
The  pressure  rose  during  the  period  of  acceleration  and  the  hand  vol- 
ume diminished.  Tarchanoff  states  that  the  acceleration  was  entirely 
independent  of  any  extraneous  ideas  and  ascribes  it  to  a  special  effort 
of  the  will.  He  states  that  he  had  met  four  other  individuals  who  were 
able  to  accelerate  the  heart  at  will  and  in  all  these,  as  in  the  case  he 
reports  specifically,  there  was  also  control  over  the  platysma,  the  mus- 
cles of  the  ear  and  the  terminal  joints  of  the  fingers.  He  believes  that 
alteration  of  vagal  tone  is  not  concerned  in  the  production  of  the  ac- 
celeration. He  omitted,  however,  the  important  test  of  administering 
atropine  before  an  attempted  acceleration.  Dilatation  of  the  pupil  is 
not  mentioned.  Pease  (3)  in  1889,  reported  the  case  of  a  student  at 
the  Harvard  Medical  School.  This  observer  recorded  the  pulse  ac- 
celeration by  means  of  the  sphygmograph.  The  beat  was  increased 
from  10.4  beats  in  8  seconds  during  rest,  to  12.7  beats  per  8  seconds  dur- 
ing acceleration.  This  subject  could  accelerate  for  short  periods  only — 
a  few  seconds  at  the  most.  He  was  able  to  contract  his  platysma  my- 
oides  and  ear  muscles.  Thje  sweat  glands  were  stimulated  during  the 
acceleration,  the  perspiration  standing  out  in  great  drops  upon  the  palms 
of  the  hands.  No  mention  is  made  of  vasoconstriction  or  dilatation 
of  the  pupil  nor  was  the  blood  pressure  recorded.  Favill  and  White 
(4)  recorded  a  case  of  voluntary  heart  acceleration,  in  1917,  associated 
with  pupillary  dilatation,  constriction  of  vessels,  sweating  and  muscular 
twitchings.     This   case  is  important  in  that  the  effect  of  atropine 
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administration  upon  th6  ability  to  accelerate  the  heart  was  investigated 
for  the  first  time.  This  drug  was  found  to  be  unable  to  remove  the 
voluntary  pov/er  which  the  subject  exercised  over  the  heart.  Eleotro- 
cardiographic  tracings  showed  changes  in  regard  to  the  height  of  the 
R.  S.  and  T.  waves  and  the  length  of  the  T-P  interval  which  they 
point  out  are  similar  to  the  alteration  in  the  form  of  the  electrocardio- 
gram which  follows  experimental  excitation  of  the  accelerator  mechan- 
ism. The  length  of  the  P-R  interval  was  unaltered.  They  beUeve 
that  sympathetic  stimulation  is  the  responsible  factor.  Other  cases 
of  voluntary  heart  control  have  been  reported  by  Van  der  Velde  (5)  and 
by  Koeler  (6),  in  neither  of  these  was  the  atropine  test  performed.  The 
most  recent  case,  so  far  as  we  have  knowledge  of,  was  reported  by  West 
and  Savage  (7)  in  1918.  These  authors  recorded  an  acceleration  of  the 
heart  from  69  to  96,  an  increase  of  27  beats  per  minute.  Atropine 
(0.002  gm.)  administration  reduced  but  did  not  destroy  the  ability  to 
accelerate.  They  beheve  that  reduction  of  vagal  tone  is  the  dominat- 
ing influence  in  the  acceleration.  No  mention  is  made  of  dilatation 
of  the  pupils  or  of  peripheral  vasoconstriction.  The  blood  pressure  was 
elevated  during  the  voluntary  effort. 

History  of  the  case.  One  of  us  (H.  G.  C.)  is  the  subject  of  the 
investigations  reported  in  this  paper.  He  is  a  fourth-year  student  in 
Medicine  at  this  University.  He  is  26  years  of  age,  of  excellent  phy- 
sique, and  apparently  in  perfect  health.  In  temperament  he  impresses 
one  with  being  stoUd  and  of  tending  toward  the  phlegmatic  rather  than 
the  neurotic  type.  He  served  two  years  in  the  trenches,  experiencing 
some  of  the  most  severe  fighting.  He  is  able  by  a  direct  volitional 
effort  to  accelerate  the  heart  by  from  40  to  55  beats  per  minute. 

In  1917,  while  serving  in  the  trenches  in  France,  he  was  accustomed 
"to  amuse  the  boys"  by  going  through  the  pantomine  exhibited  by  one 
of  his  fellows  who  had  been  returned  to  the  base  suffering  from  severe 
shell  shock.  He  found  that  by  visuaUzing  the  bursting  of  the  shells 
and  recalling  their  detonations  he  was  able  to  arouse  within  himself 
the  emotions  of  excitement  and  fright,  and  to  enhance  thereby  the 
realism  of  his  acting.  He  states  that  this  mimicry  left  him  very  tired 
afterwards.  No  account  was  taken  at  this  time  of  the  pulse  rate.  In 
1920  while  studying  physiology  here  he  questioned  the  assertion  that 
diminution  of  vagal  tone  was  the  dominating  factor  in  the  acceleration 
of  the  heart  during  muscular  exercise  and  in  excitement.  By  a  play 
of  the  imagination  he  found  that  he  was  able  to  induce  a  state  of  ex- 
citement which  closely  simulated  the  spontaneous  emotion.     Upon 
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counting  the  pulse  at  these  times  he  found  it  to  be  increased  by  several 
beats  per  minute.  He  next  accustomed  himself  to  fix  his  eyes  upon  a 
certain  mark  upon  the  wall  while  he  was  arousing  the  excited  state,  and 
found  that  after  a  time  the  mere  direction  of  his  attention  to  the  mark 
together  with  an  effort  of  the  will,  the  precise  nature  of  which  he  can 
scarcely  describe,  was  sufficient  to  produce  an  acceleration  of  the 
heart.  Later,  by  practice  he  was  able  to  dispense  with  the  visual 
association  and  to  arouse  the  cardiac  acceleration  by  an  effort  of  the 
will  alone. 

Sensations  during  the  acceleration  period.  The  subject  states 
that  he  feels  elated  and  experiences  a  sensation  of  tingling  and  warmth 
all  over  the  body.  He  compares  the  sensation  to  that  felt  after  par- 
taking of  a  glass  of  wine.  On  one  occasion  at  a  dance  he  felt  very  tired 
and  somewhat  "seedy"  in  the  early  part  of  the  evening,  but  upon 
accelerating  the  heart  for  very  short  periods  several  minutes  apart,  he 
after  a  time  experienced  a  decided  sense  of  well-being,  his  face  became 
flushed,  his  eyes  sparkled  and  he  became  talkative  to  a  degree  far  be- 
yond his  usual  nature.  Toward  the  end  of  the  evening  his  manner 
bordered  on  hilarity.  These  effects  were  so  noticeable  that  his  friends 
thought  he  had  been  "drinking,"  though  he  is  practically  a  total  ab- 
stainer. Upon  cessation  of  the  acceleration  the  subject  experiences  a 
sensation  of  intense  relief.  Prolonged  periods  of  acceleration  fatigued 
him  both  mentally  and  physically  and  at  the  end  of  days  during  which 
experiments  were  carried  out,  and  consequently  the  periods  had  been 
long  and  frequently  repeated,  he  became  greatly  exhausted  and  at 
night  slept  from  4  to  5  hours  longer  than  was  his  custom.  The  accelera- 
tion, if  much  indulged  in  during  the  day,  was  followed  by  severe  palpita- 
tion especially  upon  lying  down,  this  in  some  instances  was  so  intense 
as  to  prevent  sleep,  and  was  associated  with  air-hunger.  Persistent 
occipital  headache  lasting  sometimes  for  12  hours  or  more  was  another 
unpleasant  after-effect  of  the  "stimulation." 

Circulatory  effects:  Acceleration  of  the  heart.  The  subject  is 
able  at  the  word  of  command  to  increase  immediately  the  rate  of  the 
heart  from  50  to  70  per  cent.  The  reaction  time,  that  is,  the  time 
which  elapses  from  the  moment  the  word  to  accelerate  is  given  by  the 
observer  to  the  first  indication  of  increased  rate,  is  very  brief,  being 
usually  about  the  length  of  one  normal  beat.  The  rate  does  not  attain 
its  maximum  speed  at  once  but  takes  several  seconds  to  do  so  (cf. 
table  1  and  fig.  1).  Upon  the  signal  to  stop  the  rate  drops  instantly  to 
normal  and  remains  so  for  from  6  to  10  seconds.     The  rate  subsequently 
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TABLE  1 
Experiment  3.     Voluntary  heart  acceleration 


PERIODS  OF  6  SECONDS  EACH 

NUMBER  OP 
HEART  BEATS 

RATE  PER  MINUTE 

[  1 

n 

75 

Normal  rate  before  acceleration. < 

2 
3 

75 

75 

■  4 

10 

100 

5 

10 

100 

Heart  acceleration < 

6 
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8 

10 

11 

100 
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[  9 
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Fig.  1.  Experiment  3.  Voluntary  heart  acceleration.  The  arrows  indicate 
the  moments  when  the  signals  were  given  to  accelerate  and  to  cease  accelerating, 
respectively. 

Fig.  2.  Graph  showing  the  gradual  increase  in  heart  rate  over  an  acceleration 
period  of  48  seconds  and  the  slowing  of  the  rate  below  normal  6  to  20  seconds 
after  acceleration. 
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drops  below  the  normal  and  remains  at  60  or  65  per  minute  for  25  sec- 
onds or  so  and  then  gradually  increases  until  the  normal  is  regained. 
In  figure  2,  the  alterations  in  rate  are  shown  in  the  form  of  a  graph,  the 
beats  per  minute  being  plotted  along  the  ordinates  and  the  time  in  6- 
second  periods  along  the  abscissae. 

The  amplitude  of  the  pulse  wave  is  diminished  during  the  accelera- 
tion period  but  rises  to  normal  again  after  the  "stimulation"  has  ceased. 


TABLE  2 


Experiment  5.     Voluntary  heart  acceleration 
Record  of  the  heart  rate  over  a  period  of  2  minutes,  42  seconds  showing  the 
slowing  of  the  rate  below  normal  as  an  after  effect. 


PERIODS 
6  SECONDS  EACH 

NUM- 
BER OF 
HEART 
BEATS 

RATE 

PER 

MINUTE 

PERIODS 
6  SECONDS  EACH 

NUM- 
BER OF 
HEART 
BEATS 

RATE 

PER 

MINUTE 

Normal  rate  before  1   _ 
acceleration 

7^ 

75 
75 
75 

15 
16 
17 

6 
6 
6 

60 
60 
60 

(4 

10 

100 

18 

61 

65 

5 

10 

100 

19 

6§ 

65 

Heart  accelerated. .  .■ 

6 

7 

11 

11 

110 
110 

Acceleration  stopped' 

20 
21 

61 

7 

65 
70 

8 

12 

120 

22 

7 

70 

9 

m 

125 

23 

6^ 

65 

24 

61 

65 

10 

7 

70 

25 

7 

70 

11 

7 

70 

26 

7 

70 

Acceleration  stopped 

12 

7 

70 

[27 

7 

70 

13 

6i 

65 

[l4 

6 

60 

The  greatest  heart-rate  attained  in  any  experiment  was  12|  beats 
in  a  6-second  period — a  rate  of  125  per  minute  or  an  increase  of  55 
beats  over  the  normal.  The  rate  throughout  is  given  in  6-second  periods 
in  table  2.  In  this  case  the  record  was  continued  for  some  time  after 
the  acceleration  had  ceased  in  order  to  study  the  after-effect  and  to 
determine  the  time  required  for  the  rate,  after  its  fall,  to  regain  the 
normal.  Unlike  the  previous  cases  reported,  the  subject  is  able  to 
maintain  the  accelerated  rate  for  a  considerable  time.  The  usual 
duration  of  the  acceleration  in  previous  cases  has  been  a  few  seconds  or 
a  minute  at  the  most.  A  paroxysm  of  3  minutes  was  common  in  our 
experiments  and  on  one  occasion  the  increased  rate  was  continued  for 
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a  period  of  7  minutes.-  On  this  occasion  extreme  fatigue  was  expe- 
rienced and  the  trial  was  not  repeated. 

Slowing  of  the  heart.  Attempts  at  slowing  of  the  heart  were  unsuc- 
cessful in  our  case.  The  subject  believed  that  he  could  reduce  at  will 
the  number  of  beats  per  minute  but  upon  his  being  put  to  the  test  no 
evidence  of  slowing  could  be  detected.  We  know  of  no  undoubted 
instance  in  the  Uterature  in  which  slowing  of  the  heart  could  be  accom- 
pHshed  by  a  direct  effort  of  the  wall.  A  moderate  degree  of  slowing  as 
we  have  already  pointed  out  occurred  as  an  after-effect  of  the  accelera- 
tion. A  very  pronounced  braoicardia  in  many  instances  occurred 
several  hours  after  the  accelerating  efforts,  especially  if  these  had 
been  frequently  repeated  during  the  day.  On  one  occasion  the  rate 
dropped  to  46  in  the  evening  in  another  instance  to  40.  The  reduced 
rate  persisted  for  several  hours  but  had  disappeared  by  the  following 
morning. 

Other  phenomena  accompanying  the  cardiac  acceleration.  Dilatation  of 
the  pupil  occurred  invariably  and  was  quite  pronounced  during  the 
acceleration.  There  was  frequently  a  rhythmical  variation  in  the 
diameter  of  the  pupil.  During  the  effort,  the  muscles  of  the  face,  neck 
and  limbs  were  the  seat  of  irregular  twitchings.  These  were  partic- 
ularly noticeable  in  the  earlier  experiments  and  have  been  mentioned 
by  other  observers.  The  question  at  once  suggested  itself  "Are  these 
the  cause  of  the  accelerated  heart's  action?"  They  seemed  to  us  to 
be  quite  inadequate  to  produce  such  a  marked  acceleration  but  in  order 
to  rule  them  out,  certain  control  experiments  were  undertaken.  By 
means  of  a  blood-pressure  bag,  encircling  the  limb  and  attached  by 
tubing  to  one  of  the  tambours  of  a  Mackenzie  polygraph,  a  record  was 
taken  of  the  twitchings  simultaneously  with  the  sphygmogram.  The 
twitchings  were  then  imitated  as  closely  as  possible  and  their  record 
taken  together  with  a  record  of  the  pulse  without  voluntary  accel- 
eration. There  was  no  increase  in  pulse  rate.  Finally,  the  twitchings 
were  able  to  be  controlled  almost  entirely  while  the  voluntary  effort 
at  acceleration  was  being  made.  The  acceleration  was  unimpaired. 
The  respirations  were  increased  slightly  during  the  acceleration.  It  is 
well  known  that  increase  in  the  respirator}'-  rhythm  causes  an  accel- 
eration of  the  heart.  That  this  is  not  a  factor  in  the  production  of  the 
tachycardia  in  the  present  instance  was  shown  bj'^  forced  breathing 
which  increased  the  heart  rate  by  10  to  15  beats  only  and,  on  the  other 
hand,  by  the  subject's  ability  to  prevent  almost  entirel}^  the  respiratory 
increase  during  the  cardiac  acceleration.     It  has  previously  been  shown 
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by  Tarchanoff,  Pease  and  others,  that  the  associated  increase  of  the 
respirations  is  concerned  to  a  slight  extent  only  in  the  production  of 
the  acceleration  in  these  cases.  Sweating,which  has  been  mentioned 
by  several  observers  to  be  an  accompaniment  of  the  acceleration,  was 
absent  in  this  case. 

The  effect  of  atropine  upon  voluntary  acceleration.  A  record  was 
taken  of  the  normal  pulse  rate  and  of  the  rate  during  acceleration;  in 
the  former  case  it  was  75  and  in  the  latter  125  beats  per  minute.  Atro- 
pine, g\  grain,  was  then  given  hypodermically.  Within  12  minutes 
slight  dryness  of  the  mouth  was  noticed.  No  change  in  pulse  rate 
occurred  until  20  minutes  had  elapsed  when  it  increased  to  80  beats  per 
minute.  The  maximum  effect  of  the  atropine  was  developed  in  about 
one  hour.  The  pulse  at  this  time  was  90,  the  pupils  were  slightly 
dilated  but  reacted  readily  to  light  and  there  was  no  paralysis  of  accom- 
modation. The  nose,  mouth  and  throat  were  intensely  dry,  the  patient 
being  scarcely  able  to  speak.  Pressure  upon  the  vagus  in  the  neck 
was  now  without  effect  upon  the  heart  rate  although  such  an  effect 
could  be  observed  normally  in  this  subject.  The  heart  at  this  time 
was  voluntarily  accelerated.  The  rate  rose  to  115  beats  per  minute, 
an  increase  of  25  over  the  rate  already  existing  under  the  influence  of 
atropine.  This  was  the  highest  rate  possible  in  the  three  attempts  at 
acceleration  which  were  made  in  the  experiment,  and  as  may  be  noticed 
failed  by  10  beats  to  attain  the  level  which  was  possible  before  atropine 
had  been  administered.  Furthermore,  under  the  influence  of  atropine 
the  ratio  existing  between  the  rate  before  acceleration  was  commenced 
and  the  rate  during  the  acceleration  period  is  much  less  than  in  cases 
where  the  drug  was  not  employed.  Atropine,  then,  according  to  our 
experience,  does  disturb  the  voluntary  control  over  the  heart  rate. 
Strenuous  exercise  while  the  subject  was  under  the  influence  of  atropine 
caused  the  rate  to  increase  to  118  beats  per  minute  (cf.  table  3). 

Blood  pressure  changes  during  the  acceleration.  Systolic  and  diastolic 
pressures  were  taken  by  Korotkoff's  method.  Three  readings  were 
first  taken  at  2-minute  intervals  before  the  acceleration.  The  heart 
was  then  voluntarily  accelerated  for  1  minute  and  readings  taken 
thereafter  each  minute  for  a  period  of  4  minutes.  The  data  for  this 
experiment  are  tabulated  below  (table  4).  It  will  be  seen  from  the 
table  that  the  pulse  pressure  is  increased  from  42  before  to  60  during 
the  acceleration.  Since  acceleration  of  the  heart  without  an  increase 
in  the  amount  of  blood  ejected  per  beat  would  tend  to  lower  the  pulse 
pressure   and   the   vasoconstriction,   which  we  shall  see   also   occurs 
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during  the  voluntary  effort,  would  have  a  similar  effect,  the  fact  of  the 
pulse  pressure  rising  during  the  paroxysm  suggests  that  the  heart's 
action  is  augmented  as  well  as  accelerated.  In  all  our  observations 
upon  the  blood  pressure,  the  pulse  pressure  was  increased  in  this 
manner.  Though  no  mention  is  made  of  this  point  in  previous  work 
we  find  upon  examination  of  the  data  in  the  paper  of  West  and  Savage 
that  the  pulse  pressure  in  these  cases  also  increased  by  20  per  cent 

TABLE  3 

Expermient  7.  Effect  of  atropine  administration  upon  voluntary  acceleration 


TIME 

PULSE 

REMARKS 

a.  m. 

11:15 

70 

11:16 

125 

Voluntary  acceleration 

11:17 

70 

11:25 

70 

Atropine  1  /30  grain 

11:36 

70 

Slight  dryness  of  mouth 

11:46 

80 

11:56 

88 

Throat,  nose  and  mouth  very  dry 

12:06 

86 

Pupils  slightly  dilated 

12:11 

88 

12:21 

90 

Mouth  and  throat  so  dry  speaking  is  difficult. 
Pupils  distinctly  dilated  but  react  readily  to, 
light  and  accommodation 

12:25 

115 

Voluntary  acceleration 

12:30 

118 

Exercise — running  upstairs 

12:36 

90 

12:40 

88 

12:41 

116 

Voluntary  acceleration 

12:45 

84 

12:50 

115 

Voluntary  acceleration 

12:55 

86 

Mouth  a  little  less  dry 

during   the   acceleration.     In   Favill   and   White's   case   it   remained 
practically  the  same  or  fell  slightly. 

Blood  flow  measurements.  Estimations  were  made  by  the  calorimetric 
method  of  Stewart  upon  the  blood  flow  through  the  hands  before, 
during  and  after  the  acceleration  period.  In  all  cases  there  was  a 
sharp  curtailment  in  the  flow  during  acceleration.  The  observation 
was  carried  out  in  the  following  manner:  the  blood  flow  was  measured 
for  a  period  of  10  minutes  prior  to  the  commencement  of  the  accel- 
eration so  that  the  normal  flow  might  be  determined  to  serve  as  a 
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base-line.     The  heart  was  tlien  voluntarily  accelerated  for  one  5-minute 
period  and  one  4-minute  j)eriod,  a  rest  of  1  minute  being  allowed 

TABLE  4 

Experiment   7.  Effect    of   voluntary   acceleration   on    the   blood   pressure 

Subject,  H.  G.  C. 

June  2.  1921. 


TIME 

BLOOD  PBBSSURE  IN  MM.  Hg. 

CONDITION 

Systolic 

Diastolic 

Pulse 
pressure 

Normal  before  acceleration < 

p.  TO. 

3:36 
3:3S 
3:40 

118 
115 
118 

76 
73 
76 

42 
42 
42 

70 
70 

70 

Heart  accelerated  for  1  minute 

3:4U 

150 

90 

60 

120 

After  acceleration < 

3:42i 
3:431 
3:44i 
3:45^ 

125 
120 
119 
120 

80 
80 
76 
76 

45 
40 
43 
44 

70 

68 
70 
70 

TABLE  5 
Experiments  10,  11, 12, 14, 15  and  16.  The  effect  of  the  acceleration  upon  the  blood  flow 


DATE 

GRAMS  OF  BLOOD  PER  100  CC.  OF  TISSUE 
PER  MINUTE 

ROOM 
TEMPERA- 
TURE 

SUBJECT 

Right  hand 

Left  hand 

MOUTH 

TEMPER.\- 
TURE 

Before 

stimu- 
lation 

During 
stimu- 
lation 

After 
stimu- 
lation 

Before 
stimu- 
lation 

During 
stimu- 
lation 

After 
stimu- 
lation 

10  min. 

10  min. 

10  min. 

^10  min. 

10  min. 

10  min. 

°C. 

'C. 

H.  G.  C. 

7/6/21 

10.1 

4.4 

4.3 

8.9 

5.5 

5.4 

18.3 

37.11 

8/6/21 

7.8 

4.7 

2.9 

6.7 

4.5 

4.7 

19.0 

36.88 

10/6/21 

12.8 

11.1 

11.1 

11.8 

9.3 

10.3 

21.0 

37.11 

11/6/21 

12.7 

11.0 

11.5 

10.3 

7.9 

11.1 

22.3 

36.77 

13/6/21 

15.6 

13.1 

10.0 

12.6 

10.3 

10.3 

23.5 

37.25 

9/6/21I 

9.5 

8.1 

7.6 

9.7 

7.3 

9.4 

19.5 

36.72 

14/6/21] 

12.0 

13.3 

12.1 

12.8 

11.9 

10.3 

22.0 

37.05 

between  each  paroxysm.  These  periods  of  acceleration  and  the  inter- 
vening period  of  rest  made  up  a  total  of  10  minutes.  The  estimation 
of  the  flow  was  continued  for  a  further  ten  minutes  in  order  to  study 
the  after-effect. 
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Upon  the  commencement  of  the  acceleration  there  was  an  immediate 
sharp  reduction  in  the  blood-flow  through  the  hands.  The  blood-flow 
curve  continued  to  dechne  throughout  the  10-minute  period  of  accel- 
eration but  at  the  termination  of  this  period  the  fall  in  the  curve  became 
arrested  abruptly  and  continued  either  at  the  level  of  its  arrest  or  rose 
again  (see  table  5).  The  curtailment  of  the  flow  during  the  period 
of  acceleration  in  view  of  the  changes  in  blood  pressure  indicates,  we 
believe,  a  pronounced  constriction  of  the  vessels  of  the  hand. 

Observations  upon  the  sugar  of  the  blood  and  the  occurrence 
OF  GLYCOSURIA  DURING  THE  PERIOD  OF  ACCELERATION.  Since  a  number 
of  the  effects,  e.g.,  dilatation  of  the  pupil  and  constriction  of  peripheral 
vessels,  accompanjang  the  heart  acceleration  were  undoubtedly  sym- 
pathetic phenomena,  we  decided  to  investigate  whether  any  evidence  of 
stimulation  of  the  glycogenolytic  function  of  the  liver  could  be  obtained 
by  examination  of  the  blood  and  urine  after  the  paroxysm.  The  question 
was  approached  in  the  following  manner.  Preliminary  estimations  of  the 
sugar  in  the  blood  and  urine  were  carried  out  at  9,  11  and  1  p.m.  for 
three  successive  days.  During  this  time  the  subject  partook  of  light 
teas  containing  like  quantities  of  carbohydrate,  proteins  and  fats  on 
the  evenings  previous.  He  came  to  the  laboratory  breakfastless,  and 
after  the  last  estimation  was  made  each  day,  ate  a  dinner  containing 
approxunately  constant  values  of  the  different  foodstuffs.  On  the 
fourth  morning  the  heart  was  accelerated  for  from  2  to  3  niinutes  at 
8:50,  10:50  a.m.  and  12:50  p.m.  respectively.  Estimations  of  the 
blood  sugar  were  made  at  9  and  11  a.m.  and  1  p.m.  and  m'inalyses  at 
8  and  10  a.m.,  12  noon  and  2  and  4  p.m.  The  urine  was  first  tested 
by  Benedict's  qualitative  method;  if  this  revealed  the  presence  of 
sugar  quantitative  estimations  were  then  made.  The  Lewis-Benedict 
method  was  employed  in  the  estimation  of  blood  sugar.  The  same 
routine  was  followed  with  regard  to  the  diet  as  on  the  days  when  the 
heart  was  not  accelerated.  On  the  "normal"  days  the  sugar  of  the 
blood  varied  from  0.07  per  cent  to  0.14  per  cent  and  no  sugar  could 
be  detected  in  the  urine.  On  the  day  that  the  heart  was  accelerated 
the  blood  showed  a  sugar  content  of  from  0.07  per  cent  to  0.08  per 
cent.  Sugar  appeared  in  the  mine  in  the  12  noon  and  2  p.m.  analyses, 
to  the  extent  of  0.6  per  cept  and  0.5  per  cent  respectively  in  one  experi- 
ment and  0.3  per  cent  and  0.2  per  cent  respectively  in  another  (see 
table  6).  The  experiments  seem  to  show  quite  definitely  that  the 
sugar  of  the  blood  is  not  increased  during  the  "stimulation"  nor  does 
it  seem  to  be  reduced,  and  that  sugar  appears  in  the  urine  1  to  3  hours 
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after  "stimulation."  The  glycosuria  lasts  for  from  2  to  3  hours,  the 
urine  being  free  from  sugar  3  hours  after  the  last  effort  at  acceleration. 
The  appearance  of  sugar  in  the  urine  is  difficult  to  reconcile  with  a 
normal  sugar  level  in  the  blood  although  lowering  of  the  renal  thresh- 
old from  nervous  influences  suggests  itself  as  a  possible  explanation. 
It  may  be  that  our  estimations  were  not  taken  at  proper  intervals  to 
reveal  any  resulting  hyperglycemia.  Unfortunately,  circumstances  so 
far  have  prevented  our  repeating  these  observations  but  this  point  will 
be  kept  in  view  for  future  investigations. 

Discussion.  The  consensus  of  opinion  favors  the  view  that  in 
these  cases  of  voluntary  acceleration  the  increase  in  rate  is  not  the 
result,  chiefly,  at  any  rate,  of  a  depression  of  vagal  tone,  but  is  due  on 


TABLE  6 
Glycosuria  folloioing  a  series  of  paroxysms 


BLOOD 

SUGAR 

PER  CENT  SUGAR  IN  URINE 

DATE 

CONDITION 

9  a.m. 

11  a.m. 

1  p.m. 

8  a.m. 

10a.m. 

12  noon 

2  p.m. 

4  p.m. 

1921 

per  cent 

■per  cent 

June  17 

Normal 

0.100 

N 

Nil 

Nil 

Nil 

Nil 

June  18 

Normal 

0.120 

0.140 

0.120 

N 

Nil 

Nil 

Nil 

Nil 

June  20 

Normal 

0.080 

0.066 

0.066 

N 

Nil 

Nil 

Nil 

Nil 

June  21 

Stimulation 

t  0.080 

T  0.075 

t  0.067 

N 

Nil 

0.6 

0.5 

Nil 

June  23 

Normal 

0.069 

0.075 

0.068 

N 

Nil 

Nil 

Nil 

Nil 

June  24 

Normal 

0.088 

0.088 

0.088 

N 

Nil 

Nil 

Nil 

Nil 

June  25 

Stimulation 

t  0.089 

t  0.088 

t  0.076 

N 

Nil 

0.3 

0.2 

Nil 

June  29 

Normal 

N 

Nil 

Nil 

Nil 

Nil 

June  30 

Normal 

Nil 

Nil 

Nil 

Nil 

Nil 

the  other  hand  to  a  direct  action  of  the  accelerator  nerves.  The 
inability  of  atropine  to  abolish  the  voluntary  accelerations  and  the 
association  of  pupillary  dilatation,  sweating  and  vasoconstriction  with 
the  increased  heart  rate  constitute  the  basis  for  this  view.  The  evidence 
however  is  not  entirely  in  accord  with  this  conception.  For  instance 
we  have  found,  as  have  West  and  Savage,  that  though  atropine  did 
not  aboHsh  the  control  entirely  it  seriously  disturbed  it  and  even  in 
Favill  and  White's  case,  the  increase  in  rate  after  atropine  was  only  28 
beats  per  minute  whereas  the  greatest  increase  which  was  possible 
without  atropine  was  63  beats  per  minute.  If  one  had  any  assurance 
that  atropine  in  the  dosage  given  completely  paralyzed  the  vagus 
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endings  then  any  acceleration  after  its  administration  would  undoubtedly 
be  due  to  accelerator  impulses.  We  have  no  such  assurance.  Pressure 
upon  the  vagus  in  the  neck  is  at  best  a  rough  method  of  determining 
whether  or  not  the  drug  has  developed  its  full  effect.  Again,  Gasser 
and  Meek  (8)  have  shown  that  removal  of  the  stellate  ganglia  does 
not  prevent  the  cardiac  acceleration  which  accompanies  strenuous 
exercise  whereas  vagal  section  does.  They  conclude  that  a  reduction 
of  vagal  tone  is  the  dominating  factor  in  the  production  of  the  increased 
heart  rate  during  exercise.  Our  results  indicate  that  atropine  reduces 
the  voluntary  acceleration  in  about  the  same  degree  as  it  does  the 
acceleration  due  to  exercise. 

The  associated  sympathetic  phenomena,  however,  must  be  considered 
in  any  judgment  as  to  the  mode  of  production  of  the  acceleration; 
also  the  fact  that  the  electrocardiogram  taken  during  the  voluntary 
acceleration  is,  as  pointed  out  by  Favill  and  White,  similar  in  form  to 
that  shown  by  Rothberger  and  Winterberg  (9)  to  be  produced  by 
electrical  stimulation  of  the  stellate  ganglia,  indicates  a  sympathetic 
influence.  It  is  probable  that  both  factors,  namely,  depression  of 
vagal  tone  and  excitation  of  accelerator  fibers,  working  together  in  a 
reciprocal  fashion  are  responsible  for  the  voluntary  acceleration. 

SUMMARY 

1.  A  case  of  voluntary  heart  acceleration  is  described  and  a  brief 
account  is  given  of  the  manner  in  which  the  accomplishment  was 
acquired. 

2.  Dilatation  of  the  pupils,  vasoconstriction  and  elevation  of  the 
blood  pressure  are  associated  with  the  increased  heart  rate. 

3.  Atropine  administration  depresses  but  does  not  abolish  the  power 
of  voluntary  acceleration. 

4.  Decided  glycosuria  occurs  as  an  after-effect  of  a  series  of  accel- 
eratory  efforts. 

5.  The  conclusion  is  drawn  that  the  acceleration  is  due  in  part  to 
the  withdrawal  of  vagal  tone  and  in  part  to  excitation  of  the  accel- 
erators, the  two  influences  being  called  into  reciprocal  action  by  the 
voluntary  effort. 

The  writer  wishes  to  thank  Prof.  J.  J.  R.  Macleod  for  his  direction 
and  guidance  in  this  investigation. 
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The  successful  demonstration  of  the  presence  in  extracts  of  de- 
generated and  fetal  pancreas  (1)  of  a  substance  capable  of  reducing  the 
degree  of  hyperglycemia  and  of  raising  the  carbohydrate  tolerance  of 
diabetic  (depancreated)  dogs,  and  the  subsequent  discovery  that 
potent  extracts  may  also  be  prepared  from  the  adult  gland,  led  to  the 
question  whether  the  blood  sugar  of  normal  animals  would  also  be 
affected  by  the  same  substance.  For  both  theoretical  and  practical 
reasons  this  question  is  of  great  importance;  theoretically,  because  if 
the  blood  sugar  of  normal,  as  well  as  diabetic  animals,  should  be  affected 
it  would  indicate  that  the  action  of  the  active  principle  in  the  extract 
(insuhn)  is  a  fundamental  one  in  the  control  of  blood  sugar ;  and  prac- 
tically, because  it  would  place  in  our  hands  a  ready  method  by  which  to 
determine  the  potency  of  the  extracts  and  to  investigate  various  modifica- 
tions in  the  methods  of  their  preparation. 

Before  we  proceed  to  give  the  results  of  our  investigation  it  may  be 
well  briefly  to  refer  to  some  of  the  previous  publications  in  which 
substances  capable  of  lowering  the  blood  sugar  of  normal  and  diabetic 
animals  are  discussed.  The  best-known  of  the  substances  is  phlorhizin, 
the  action  of  which  was  discovered  in  1885  by  v.  Mering  (2).  The 
hypoglycemic  action,  in  dogs  at  least,  was  also  definitely  shown  by  vari- 
ous investigators  particularly  by  Minkowski  (3).  Not  only  does  this 
drug  lower  the  blood  sugar  of  normal  dogs  but  also  of  those  rendered 
diabetic  by  removal  of  the  pancreas  (4),  (5).  The  degree  of  hypo- 
glycemia that  can  be  caused  by  phlorhizin  is  however  not  very  marked; 
indeed  in  some  animals,  such  as  the  rabbit,  it  may  cause  a  slight  rise 
in  blood  sugar.  Hypoglycemia  is  also  a  symptom  of  phosphorus 
poisoning  and  it  becomes  of  extreme  degree  when  phlorhizin  is  given 
to  phosphorus-poisoned  dogs  (6).     Underhill  (7)  found  that  decided 
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though  variable  degrees  of  hypoglycemia  occurred  in  one  to  three  days 
after  the  administration,  subcutaneously  to  dogs,  of  50  mgm.  hydrazine 
sulphate  per  kilo  body  weight.  No  characteristic  symptoms  were 
observed  except  extreme  weakness.  Similar  results  were  not  so  con- 
stantly obtained  in  rabbits.  It  was  further  observed  that  death  oc- 
curred when  dextrose  was  injected  subcutaneously  (5  grams  per  kgm.) 
into  dogs  treated  two  days  previously  with  non-fatal  doses  of  hydra- 
zine. Further  observations  by  the  same  worker  (8)  showed  that  hy- 
drazine in  the  above  dosage  is  capable  of  preventing  glycosuria  in  de- 
pancreated  dogs,  the  inhibiting  effect  lasting  for  between  two  and  four 
days.  Not  only  did  glycosuria  fail  to  appear  at  the  usual  time  after 
pancreatectomy  in  hydrazine-treated  dogs  but  the  glycosuria  caused 
by  pancreatectomy  in  normal  animals  could  be  inhibited  by  subse- 
quently injecting  hydrazine.  The  blood  sugar  also  failed  to  rise  or  did 
so  only  slightly  when  pancreatectomy  was  performed  in  dogs  previously 
injected  with  hydrazine.  Salts  of  uranium,  etc.,  also  cause  hypogly- 
cemia (cf.  MacNider). 

Interesting  though  these  observations  are  from  a  scientific  standpoint, 
the  results  offer  nothing  of  practical  value  in  the  treatment  of  diabetes 
in  man.  In  this  connection  the  observations  of  Underbill  (9)  and  his 
collaborators  (10)  and  of  Murlin  (11)  and  Kramer  (12)  are  important. 
Briefly  stated,  the  work  of  the  former  group  shows  that  administration 
of  alkaline  carbonates  can  bring  about  a  decided  reduction  in  the  hy- 
perglycemia and  glycosuria  caused  by  injections  of  adrenalin  in  rabbits, 
but  has  no  effect  on  the  percentage  of  blood  sugar  in  normal  rabbits. 
Underbill  (13),  however,  found  that  marked  reduction  in  the  sugar 
elimination  could  be  brought  about  in  a  severe  case  of  diabetes  in  man  by 
prolonged  ingestion  of  large  doses  of  sodium  bicarbonate.  Murlin  and 
Kramer  by  observations  on  the  respiratory  quotient,  found  that  alkali 
administration  faciUtates  the  combustion  of  sugar  in  the  depancreated 
dog.  Injections  of  sodium  carbonate  into  the  blood  stream  of  such 
animals  also  caused  lowering  of  the  blood  sugar.  These  results,  taken 
along  with  the  previously  known  fact  that  administration  of  acids 
lowers  the  tolerance  for  sugar,  are  interpreted  as  indicating  that  the 
regulation  of  the  percentage  of  sugar  in  the  blood  is  associated  to  a 
certain  extent  with  changes  in  the  acid-base  equilibrium  of  the  body 
(14) .  From  the  standpoint  of  the  present  investigation,  the  important 
point  is  that  alkali  administration  can  reduce  the  blood  sugar  and  dimin- 
ish the  extent  of  glj^cosuria  in  certain  forms  of  diabetes,  both  experi- 
mental and  clinical. 
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Another  interesting  type  of  hypoglycemia  is  that  which  develops 
after  removal  of  the  liver  from  the  circulation.  One  of  us  (J.  J.R.M.) 
(15)  in  conjunction  with  R.  G.  Pearce  has  shown  that  the  blood  sugar 
rapidly  declines  in  animals  from  which  the  liver  has  been  removed, 
thus  confirming  those  previously  made  by  Bock  and  Hofmann,  Pavy, 
etc.  More  recently  Mann  and  Magath  (16)  have  shown  in  similar 
experiments  that  when  the  percentage  of  the  blood  sugar  falls  to  a  cer- 
tain level  (0.06  or  less) ,  characteristic  symptoms  of  muscular  weakness 
and  coma  begin  to  develop,  passing  later  into  a  final  stage  with  convul- 
sions. The  symptoms  usually  appear  in  5  to  8  hours  after  removal  of 
the  liver  and  that  they  are  definitely  related  to  the  reduction  in  blood 
sugar  is  shown  by  the  fact  that  they  are  instantly  removed  by  the  in- 
jection (intravenous?)  of  solutions  of  glucose,  or  even  of  galactose  and 
maltose.  The  recovery  may  last  some  time  and  if  the  symptoms  re- 
appear they  can  again  be  removed  by  the  injections.  By  repeated 
injections  the  animal  may  be  kept  alive  for  15  to  30  hours. 

The  attention  of  several  workers  has  recently  been  turned  to  a  form 
of  hypoglycemia  which  is  possibly  of  much  greater  physiological  signi- 
ficance than  any  hitherto  studied,  namely,  that  which  develops  follow- 
ing aUmentary  hyperglycemia,  or  even  after  the  ingestion  of  non-carbo- 
hydrate foodstuffs.  Folin  and  Berglund  (17)  have  found,  for  example, 
that  the  percentage  of  blood  sugar  in  man  may  fall  as  low  as  0.054  to 
0.058  immediately  following  the  rise  caused  by  ingestion  of  glucose. 
Maclean  and  Wesselow  (18)  have  also  recently  investigated  this  form 
of  hypoglycemia.  Tliis  work  recalls  the  observations  made  some  years 
ago  by  Vosburg  and  Richards  (19)  on  dogs  and  by  Levie  (20)  on  man 
in  which  it  was  found  that  hypoglycemia  develops  after  the  hypergly- 
cemia due  to  adrenalin.  A  certain  degree  of  it  was  also  observed  in 
rabbits  following  the  hyperglycemia  due  to  intravenous  injections  of 
glucose  (Jacobson,  Bang). 

Finally,  we  must  allude  briefly  to  the  researches  which  have  more 
directly  led  up  to  the  present,  namely,  those  on  the  effects  of  pancreatic 
extracts.  Recognizing,  as  previous  investigators  also  did,  that  the 
failure  to  obtain  extracts  which  could  influence  the  metabolism  of  sugar 
might  be  due  to  destruction  of  the  specific  hormone  by  proteolytic 
enzymes,  E.  L.  Scott  (21),  in  1912,  used  alcohol  as  the  extracting 
agency,  but  the  extracts  did  not  decidedly  lower  the  sugar  excretion. 
He  found,  however,  that  watery  extracts  given  intravenously  did 
temporarily  lower  the  D/N  ratio.  Murlin  (loc.  cit.)  also  observed 
reduction  in  the  sugar  excretion  in  diabetic  dogs  by  injecting  alkaline 
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extracts  of  pancreas  and  Kleiner  (22)  was  able  to  bring  about  a  definite 
lowering  of  the  blood  sugar  in  such  animals  by  slow  injections  of  unfil- 
tered  waterj^  extracts  of  the  gland.  Paulesco  (23)  also  briefly  reports 
favorable  results.  The  most  definite  and  constant  results  on  this  aspect 
of  the  problem  have  been  those  recently  pubhshed  from  this  laboratory 
(24) ,  (25) ,  (26) ,  and  it  is  especially  significant  that  the  observations  on 
diabetic  dogs  have  been  confirmed  in  the  medical  clinic  of  the  University 
of  Toronto  by  similar  ones  on  several  diabetic  patients  (27) . 

Methods.  In  order  to  estabHsh  tolerable  uniformity  in  the  nutritive 
condition  of  the  rabbits  used  in  this  investigation,  the  animals  have  been 
fed  on  a  diet  of  oats  and  hay.  The  blood  obtained  from  the  marginal 
ear  vein  was  allowed  to  drop  into  a  small  crucible  containing  a  small 
amount  of  powdered  oxalate  (an  excess  must  be  avoided  since  it  in- 
terferes with  the  precipitation  of  the  proteins).  When  there  was 
anj^  difficulty  in  securing  a  free  flow  of  blood,  as  in  an  almost  moribund 
animal,  we  have  found  that  a  satisfactory  flow  could  almost  invariably 
be  obtained  by  causing  vasodilatation  by  the  application  of  some  xylol 
to  the  tip  of  the  ear. 

The  sugar  was  determined  in  the  blood  samples  by  the  Schaffer- 
Hartmann  method  which  we  have  found  to  be  extremely  satisfactory. 
At  the  termination  of  the  observations  whenever  possible  the  gtycogen 
in  the  liver  was  determined  by  Pfliiger's  method  using  the  Schaffer- 
Hartmann  method  to  determine  the  sugar  after  suitable  dilution  of 
the  hydrolyzed  glycogen  solution. 

The  usual  procedure  was  to  take  a  sample  of  normal  blood  and  then 
inject  the  insuhn  in  several  places  subcutaneously  after  which  further 
samples  of  blood  were  taken  at  regular  intervals.  The  animals  were 
meanwhile  kept  under  constant  supervision  in  order  to  observe  the  time 
of  onset  of  any  symptoms. 

Results.  During  the  course  of  several  hours  the  blood  sugar  of  a 
rabbit  may  vary  somewhat,  the  first  two  or  three  samples  being  higher 
than  those  removed  subsequently  (cf.  Bang).  The  following  observa- 
tion probably  shows  the  maximum  extent  to  which  this  may  occur. 

Rabbit  (2.39  kgm.)  fed  oats  and  hay 

10:15  Blood  sugar  1.27  per  cent 

11:15  Blood  sugar  1.12  per  cent 

12:15  Blood  sugar  1.12  per  cent 

2:15  Blood  sugar  1.04  per  cent 

3 :  L5  Blood  sugar  0.97  per  cent 

4:15  Blood  sugar  0.94  per  cent 

5 :  15  Blood  sugar  1 .04  (animal  struggling) 
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Since  it  is  upon  the  behavior  of  the  curve  that  the  assay  of  various 
preparations  of  insuhn  depends  it  is  obviously  important  that  this 
spontaneous  fall  in  blood  sugar  should  be  borne  in  mind.  Usually, 
however,  the  fall  with  active  extract  is  much  more  rapid  and  pronounced 
than  is  ever  observed  under  normal  conditions.  The  following  are  de- 
tailed protocols  of  typical  experiments. 

Experiment,  February  9,  1.6  kgm. 

11 :15  a.m.     Blood  sugar  0.167  per  cent. 
11 :30  a.m.     Subcutaneous  injection  of  4  cc.  insulin. 
12:00     m.     Blood  sugar  0.137  per  cent. 
1 :45  p.m.     Blood  sugar  0.065  per  cent. 

3:00  p.m.  Rabbit  lying  on  its  side  apparently  more  or  less  unconscious  and  with 
rapid  shallow  breathing  of  a  periodic  character.  Conjunctival 
reflex  sluggish,  eyeballs  protruding  and  pupil  widely  dilated.  Me- 
chanical stimulation  of  the  skin  caused  convulsive  movements  in 
which  the  animal  threw  itself  about  violently  and  rolled  over  side- 
ways in  the  same  direction,  with  head  retracted.  Each  seizure 
lasted  2  to  3  minutes.  Rectal  temperature  37°C.  If  left  to  itself 
convulsive  seizures  might  supervene  without  apparent  exciting 
cause.  In  these  the  animal  was  lying  on  its  side  with  the  head 
retracted  and  the  limbs  contracting  and  relaxing  as  in  running. 
After  each  convulsion  the  animal  seemed  to  be  better  and  could 
hold  his  head  up  but  in  a  few  minutes  it  again  became  comatose, 
another  convulsion  being  common  in  about  15  minutes. 
3:50  p.m.     Blood  sugar  0.028  per  cent. 

5:30  p.m.  4.5  grams  pure  dextrose  in  20  per  cent  solution  injected  in  various 
places  subcutaneously.  Within  5  to  7  minutes  the  rabbit  was 
perceptibl}^  improved  and  soon  sat  up  in  the  normal  position  and 
apparently  became  normal  (jumped  about  the  room,  etc.).  Kept 
near  radiator  over  night. 
February  10.  Animal  hyperexcitable,  the  jaw  constantly  moving  as  in  chew- 
ing, but  ran  about  in  normal  way  and  ate'food. 

February  13.  Has  been  eating  freely  but  is  still  decidedly  hyperexcitable,  the 
jaw  still  showing  chewing  movements.  Shook  head  violently  when  lifted  by  the 
ears.     Losing  weight. 

February  14.     The  same. 

February  15.  Animal  still  losing  weight.  At  3  p.m.  fits  similar  to  those  of  the 
9th  reappeared  and  these  continued  at  about  15  minute  intervals  until  5  p.m. 
when  5  grams  dextrose  were  given  subcutaneously  with  the  result  that  the  animal 
immediately  recovered. 

February  16.  The  rabbit  was  found  dead  in  the  cage  and  on  post-mortem 
examination  the  pancreas  was  observed  to  be  greatly  atrophied  (possibly  auto- 
lytic)  and  the  subcutaneous  tissues  of  the  anterior  abdominal  wall  (where  no  sub- 
cutaneous injections  had  been  made)  changed  to  a  mass  of  muciginous  material. 
At  various  places  under  the  skin  of  the  back  where  injections  of  sugar  had  been 
made  there  was  discoloration  and  ijiduration  of  the  tissues  but  no  trace  of  the 
mucin-like  material. 
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Experiment,  February  10,  1.6  kgm. 

12:00 noon.  4.5  cc.  insulin  injected  subcutaneously. 

4:00  p.m.     Symptoms  like  those  described  above.     It  was  particularly  noted 

that  the  general  condition  of  the  animal  was  improved  immediately 

following  each  convulsive  seizure.     (These  occurred  about  every 

5  minutes.) 

4:15  p.m.     5  grams  dextrose  subcutaneousl3\     The  animal  quickly  recovered 

and  by 
5:30  p.m.     was  apparently  perfectly  normal. 

Experiment,  April  24 

8:10  a.m.     Blood  sugar  0.129  per  cent;  5  cc.  insulin  given  subcutaneously. 

8:55  a.m.     Blood  sugar  0.077  per  cent. 

Animal  in  convulsions  some  time  before  11 :30. 
11 :40  a.m.     Blood  sugar  0.047  per  cent;  rectal  temperature  37.1°C. 
11 :48  a.m.     2.5  cc.  more  insulin  injected. 
12:00  noon.  Convulsions,  rectal  temperature  36.0°C. 
12:10  p.m.     Blood  sugar  0.033  per  cent  rectal  temperature  36.0°C. 
12:15  p.m.     Convulsions. 

12:18  p.m.     5  grams  dextrose  in  40  cc.  water  injected  in  several  places  subcu- 
taneously— rectal  temperature  36.0°C. 
12:23  p.m.     Blood  sugar  0.056  per  cent;  rectal  temperature  36.5°C.;  rabbit  now 

sitting  up  and  apparentlj^  normal. 
12:43  p.m.     Blood  sugar  0.091  percent;  rectal  temperature  36.5°C.,  rabbit  normal. 

1 :05  p.m.     Blood  sugar  0.070  per  cent;  rectal  temperature  37.6°C. ;  rabbit  normal. 

2:35  p.m.     Blood  sugar  0.043  per  cent;  rectal  temperature  38.0°C. 

3:35  p.m.     Blood  sugar  0.053;  rectal  temperature  37.6°C.  Convulsions. 

5 :40  p.m.    Blood  sugar  0.024;  rectal  temperature  35.0°C.    Convulsions, 

The  symptoms  as  described  above  are  fairly  characteristic,  but  slight 
variations  may  be  observed  in  different  rabbits.  Very  frequently  the 
first  symptom  is  one  of  hyperexcitability  and  of  apparent  fear  so  that 
the  slightest  stimulus,  such  as  touching  the  animal,  shaking  the  cage 
or  floor  or  clapping  the  hands,  causes  the  animal  to  rush  wildly  about 
in  an  incoordinate  fashion  with  the  vision  apparently  affected  since 
objects  in  his  path  are  not  avoided.  A  still  earher  symptom  often 
observed  consists  in  chewing  movements  as  if  the  rabbit  were  hungry, 
and  at  this  stage  if  food  is  available  it  will  be  voraciously  eaten. 

While  there  is  no  evidence  of  marked  cardio-vascular  disturbance 
in  a  typical  convulsion  (blood  being  usually  readily  obtained  from  the 
ear  vein),  this  is  sometimes  present  making  it  very  difficult  to  obtain 
any  blood.  These  cases  are  especially  noticeable  when  impure  prepara- 
tions of  insulin  are  used  and  the  depression  of  blood  pressure  is  probably 
due  to  peptone-hke  substances  (histamine).     A  characteristic  symptom 
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in  this  group  of  cases  is  paralysis  of  the  hind  Hmbs,  due  probably  to 
anemia  of  the  lower  portion  of  the  spinal  cord. 

In  many  rabbits  typical  convulsions  may  last  only  a  few  minutes 
after  which  the  animal  gradually  recovers  without  sugar  injections. 
Such  animals  have  frequently  been  used  several  days  later  for  testing 
the  potency  of  extracts. 

A  most  interesting  post-mortem  finding  in  animals  that  have  died  in  a 
convulsive  seizure  and  in  those  that  have  temporarily  recovered  as  a 
result  of  sugar  injections  but  died  subsequently,  is  the  extensive  mucigi- 
nous  change  in  the  subcutaneous  tissues  of  the  abdominal  wall. 
Sometimes  this  material  forms  a  more  or  less  circumscribed  tumor  and, 
particularly  after  sugar  injections,  a  considerable  amount  of  fluid  may 
be  present  along  with  the  mucin-hke  material.  This  fluid  has  strong 
reducing  properties.  Nowhere  else  in  the  body  have  we  observed  this 
peculiar  change.  It  is  not  due  to  any  local  action  of  the  insulin  since 
this  is  always  injected  in  the  back. 

We  will  now  give  in  tabular  form  less  detailed  data  of  100  rabbits 
injected  with  insulin.  In  Table  1  the  percentage  of  blood  sugar  fell 
by  25  per  cent  or  over  within  2  hours  of  the  injection. 

There  are  observations  on  32  animals  in  this  group  and  convulsions 
were  observed  in  eleven  cases.  The  average  percentage  of  blood  sugar 
in  these  is  0.042.  In  computing  this  average  there  are  several  cases 
where  the  value  is  taken  either  somewhat  before  or  after  the  2-hour 
period  but  the  deviation  is  about  the  same  in  either  direction  and  the 
figure  probably  represents  very  closely  the  average  percentage  of 
blood  sugar  at  which  convulsions  appear  in  rabbits. 

In  the  next  table  2,  those  observations  are  given  in  which  the  blood 
sugar  fell  between  approximately  25  and  50  per  cent  within  2  hours  of 
the  injection. 

There  are  observations  on  29  animals  in  this  group  and  convulsions 
were  observed  within  2  hours  of  giving  insulin  in  only  one  case  (ECN, 
March  16).  In  several  other  cases  the  percentage  of  blood  sugar  fell 
considerably  below  this  level  with  no  symptoms  (FGB,  April  5,  April  13; 
JBC,  February  23,  April  19;  CHB,  Apri   20). 

Table  3  gives  the  cases  in  which  the  blood  sugar  fell  by  at  least  50 
per  cent  during  the  period  of  observation. 

In  the  twelve  cases  of  table  3,  convulsions  occurred  in  three,  the 
blood  sugars  being  0.03,  0.04  and  0.065  respectively.  No  convulsions 
were  observed  in  six  cases  with  approximately  0.05  per  cent  of  sugar 
nor  in  one  with  0.042  per  cent. 


TABLE  1 

Case  in  which  blood  sugar  fell  by  a-pproximately  50  per  cent  within  2  hours  of 

injection 


BLOOD  SUGAR 

TIME  AFTER 
EXTRACT 

SYMPTOMS 

EXPERIMENT 

Before 

After 

insulin 

insulin 

ECN.  Feb.  16 

0.111 

0.045 
0.0151 

35  min. 
4|  hrs. 

None 

ECN.  Apl.  22 

0.139 

0.075 

45  min. 

None 

ECN.  Apl.  22 

0.129 

0.056 

1  hr. 

None 

ECN.  Apl.  25 

0.132 

0.067 

35  min. 

None 

FOB.  Apl.  6 

0.145 

0.060 

1  hr.  30  min. 

None 

0.049 

3  hrs. 

None 

FOB.  Apl.  10 

0.151 

0.071 

2  hrs. 

None 

FOB.  Apl.  12 

0.157 

0.047 
0.037 

2  hrs. 
4  hrs. 

Convulsions  in  2  hrs. 
extract 

after 

0.165 

23  hrs. 

Recovered 

FOB.  Apl.  20 

0.147 

0.063 
0.069 

U  hrs. 
4|  hrs. 

None 

FGB.  Apl.  20 

0.139 

0.077 
0.051 

U  hrs. 
4^  hrs. 

None 

FGB.  Apl.  20 

0.135 

0.045 

1  hr.  10  min. 

None 

FGB.  Apl.  25 

0.135 

0.071 
0.031 

1  hr. 

2  hrs. 

Convulsions  in  2  hrs. 
extract 

after 

0.153 

9  hrs. 

Died  next  day 

JBC.    Jan.  17 

0.120 

0.047 

U  hrs. 

None 

JBC.    Feb.  14 

0.045 

U  hrs. 

Convulsions 

JBC.   Feb.  16 

0.111 

0.045 
0.151 

35  min. 
^  hrs. 

None 

JBC.    Feb.  28 

0.040 

1  hrs. 

Convulsions 

JBC.    Mar.  3 

0.025 

35  min. 

Coma-like  symptoms, 
covery  with  sugar 

re- 

JBC.   Mar.  17 

O.OCO 

2  hrs. 

None 

JBC.   Mar.  25 

0.060 

1  hr. 

Convulsions  in  Ij  hrs 

JBC.   Mar.  28 

0.040 

1  hr. 

Convulsions 

JBC.   Apl.  11 

0.045 

U  hrs. 

JBC.   Apl.  16 

0.110 

0.064 

1  hr. 

None 

CHB.  Apl.    5 

0.137 

0.064 

2^  hrs. 

Convulsions  in  2  hrs. 

CHB.  Apl.    5 

0.130 

0.064 

2  hrs. 

None 

CHB.  Apl.  17 

0.149 

0.040 

1-^-  hrs. 

Convulsions 

CHB.  Apl.  18 

0.127 

0.037 

2  hrs.  45  min. 

Convulsions 

CHB.  Apl.  19 

0.125 

0.064 

2  hrs. 

None 

CHB.  Apl.  19 

0.127 

0.045 

2|  hrs. 

None 

CHB.  Apl.  19 

0.127 

0.065 

2  hrs. 

None 

CHB.  Apl.  19 

0.115 

0.069 

1  hr. 

None 

CHB.  Apl.  21 

0.140 

0.075 

1  hr. 

None 

CHB.  Apl.  24 

0.132 

0.065 

U  hrs. 

None 

CHB.  Apl.  24 

0.125 

0.037 

2  hrs. 

Convulsions 

0.01 

2f  hrs. 

Moribund 

169 
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TABLE  2 
Blood  siLgar  Jell  between  25  and  SO  per  cent  in  2  hours 


BLOOD  SUGAR 

TIME  AFTER 
EXTRACT 

EXPERIMENT 

Before 

After 

SYMPTOMS 

insulin 

insulin 

ECN.  Feb.  24 

0.120 

0.093 
0.080 

35  min. 

2  hrs. 

None 

ECN.  Mar.  16 

0.108 

0.063 
0.067 

35  min. 
U  hrs. 

Convvilsions 

ECN.  Mar.  17 

0.135 

0.114 
0.103 

30  min. 
U  hrs. 

0.083 

2  hrs. 

None 

ECN.  Mar.  29 

0.117 

0.080 

35  min. 

None 

ECN.  Mar.  27 

0.137 

0.082 

30  min. 

None 

ECN.  Mar.  30 

0.124 

0.089 

35  min. 

None 

FGB.  Apl.    5 

0.123 

0.090 
0.069 

1|  hrs. 
2|  hrs. 

0.037 

3^  hrs. 

None 

0.039 

4|  hrs. 

FOB.  Apl.  12 

0.149 

0.083 
0.095 

I5  hrs. 
3|  hrs. 

None 

FGB.  Apl.  13 

0.111 

0.069 
0.065 

1|  hrs. 
3|  hrs. 

None 

FGB.  Apl.  14 

0.149 

0.081 

U  hrs. 

None 

FGB.  Apl.  18 

0.135 

0.071 

1  hr.  25  min. 

None 

JBC.    Dec.  22 

0.126 

0.087 

2  hrs. 

None 

JBC.    Dec.  16 

0.119 

0.101 
0.089 

ihr. 
lihr. 

None 

JBC.    Jan.  4 

0.124 

0.093 

1  hr. 

None 

JBC.    Jan.  10 

0.117 

0.073 
0.085 
0.085 

1  hr. 
3  hrs. 
6  hrs. 

None 

JBC.    Jan.  12 

0.112 

0.072 

1  hr. 

None 

JBC.    Jan.  16 

0.125 

0.075 

1  hr. 

None' 

JBC.    Jan.  23 

0.094 

0.068 

1  hr. 

None 

JBC.    Feb.  23 

0.094 

0.046 
0.049 

3  hrs. 

4  hrs. 

0.057 

5  hrs. 

None 

0.058 

6  hrs. 

0.131 

Next  day 

JBC.    Mar.  22 

0.141 

0.087 
0.078 

ihr. 
U  hrs. 

None 

JBC.   Mar.  28 

0.120 

0.095 

40  min. 

None 

JBC.   Mar.  31 

0.130 

0.088 

1  hr. 

None 

JBC.   Apl.    6 

0.124 

0.078 

45  min. 
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TABLE  2— Concluded 


BLOOD  SUGAR 

TIME  AFTER 
EXTRACT 

SYMPTOMS 

Before 
insulin 

After 
insulin 

JBC.   Apl.    7 

0.142 

0.092 

50  min. 

0.045 

6  hrs. 

Convulsions  in 

6  hrs. 

JBC.   Apl.  19 

0.065 

30  min. 

None 

JBC.   Apl.  19 

0.085 
0.060 
0.053 

31  min. 

4  hrs. 

5  hrs. 

None 

CHB.  Apl.  20 

0.089 

0.061 

2  hrs. 

None 

CHB.  Apl.  20 

0.108 

0.071 

U  hrs. 

None 

CHB.  Apl.  23 

0.150 

0.100 

1|  hrs. 

None 

TABLE  3 

Cases  not  included  in  preceding  tables  in  which  the  blood  sugar  fell  by  approximately 

50  per  cent  during  period  of  observation 


BLOOD  SUGAR 

EXPERIMENT 

Before 
insulin 

After  insulin 

ECN. 

Apl. 

24 

0.095 

0.073 
(more  in- 
sulin) 
0.057 

0.052 

45  min. 

1  hr.  40  min.  af- 
ter second  in- 
jection 

2  hrs.  45  min.  af- 
ter second  in- 
jection 

None 

JBC. 

Apl. 

19 

0.085 
0.060 
0.053 

h  hr. 

4  hrs. 

5  hrs. 

None 

CHB. 

Apl. 

7 

0.135 

0.051 

3  hrs. 

None 

CHB. 

Apl. 

6 

0.130 

0.03 

8  hrs. 

Convulsions     at    7 
hrs. 

CHB. 

Apl. 

13 

0.111 

0.065 

3|  hrs. 

None 

CHB. 

Apl. 

13 

0.173 

0.081 

3  hrs. 

None 

CHB. 

Apl. 

19 

0.113 

0.050 

3  hrs. 

None 

CHB. 

Apl. 

21 

0.109 

0.053 

4  hrs. 

None 

CHB. 

Apl. 

3 

0.119 

0.083 

4  hrs. 

None 

CHB. 

Apl. 

17 

0.165 

0.04 

3  hrs. 

Convulsions 

JBC. 

Apl. 

19 

0.065 
0.030 

2i  hrs. 
19  hrs. 

Convulsions  (5  gm. 

dextrose) 
Convulsions 

JBC. 

Apl. 

19 

0.042 

3  hrs. 

None 
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Taking  the  three  tables  together  there  are  observations  on  73  animals. 
The  blood  sugar  fell  below  0.045  in  thirteen  and  of  these  convulsions 
were  present  in  eleven.  Of  the  two  cases  with  blood  sugar  below  0.045 
not  showing  convulsions,  one  (JBC,  April  19)  gave  0.042  in  3  hours, 
the  other  (FOB,  April  5)  0.037  in  i  hours  and  0.039  in  4^  hours. 
There  are  nine  cases  with  blood  sugars  between  0.045  and  0.050  of  which 
convulsions  were  observed  in  three.  The  highest  percentage  at  which 
convulsions  were  observed  was  0.064^  (CHE,  April  5)  0.063^  (ECN, 
March  16)  and  0.065  (JBC,  April  19).  The  lowest  percentage  at  which 
there  were  no  symptoms  as  already  mentioned  was  0.037  (FGB,  April  5). 

The  foregoing  analysis  shows  that  the  average  computed,  from  the 
results  of  table  1,  as  that  at  which  convulsions  most  commonly  appear, 
namely  0.042,  must  be  very  close  to  the  correct  one. 

For  purposes  of  physiological  assay  of  insulin  we  consider  that  the 
most  satisfactory  basis  at  present  is  the  number  of  cubic  centimeters 
which  lowers  the  percentage  of  blood  sugar  in  normal  rabbits  to  0.045 
in  from  2  to  4  hours.  There  are  several  advantages  in  using  this 
standard,  among  which  the  following  may  be  mentioned. 

1.  Since  0.045  per  cent  is  the  level  of  blood  sugar  at  which  definite 
convulsions  supervene  one  can  tell  in  a  general  way  from  the  premoni- 
tory symptoms  of  the  injected  animal  (evidence  of  hunger  and  thirst, 
hyperexcitability  and  evidence  of  fear)  whether  or  not  this  level  is 
likely  to  be  reached. 

2.  The  effect  of  insuUn  in  reducing  the  blood  sugar  of  a  diabetic 
(depancreated)  dog  is  considerably  more  marked  than  one  would  expect 
from  the  effect  on  the  normal  rabbit.  Just  as  a  certain  dose  of  an 
antipyretic  may  cause  a  marked  lowering  of  hyperpyrexia  in  fever,  but 
have  only  a  shght  effect  on  the  normal  temperature,  so  will  insuUn 
reduce  the  blood  sugar  relatively  much  more  in  hyperglycemic  than  in 
normal  animals.  This  fact  is  illustrated  in  the  following  observation. 
Ten  cubic  centimeters  of  insulin  lowered  the  percentage  of  blood  sugar 
in  a  rabbit  from  0.135  to  0.071  in  1|  hours;  whereas  20  cc.  given  to  a 
depancreated  dog  weighing  11  kgm.  lowered  the  sugar  from  0.375  to 
0.030  in  19  hours.  The  rabbit  weighed  about  2  kgm.  so  that  on  a  basis  of 
body  weight  the  dog  received  only  about  one-third  the  dose  of  the  rabbit. 

•  Both  of  the  rabbits  from  which  these  results  were  obtained  were  injected  with 
crude  extracts,  containing  much  protein,  and  it  is  probable  that  the  symptoms 
were  of  the  paralytic  type  referred  to  on  p.  167. 

2  The  insulin  used  in  this  animal  was  evidently  very  potent  since  the  blood 
sugar  was  0.03  19  hours  after  it  was  given,  dextrose  being  meanwhile  administered. 
It  is  therefore  possible  that  the  blood  sugar  was  realh^  below  the  figure  given  when 
the  convulsions  occurred. 
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3.  One  unit  as  defined  above  has  been  used  as  the  basis  for  use  on 
man  with  sufficient  frequency  to  warrant  the  assertion  that  wliile  this 
dose  markedly  lowers  the  degree  of  hyperglycemia,  it  never  causes  any 
alarming  symptoms,  although  the  administration  may  be  followed  in 
an  hour  or  so  by  certain  subjective  symptoms,  such  as  hunger. 

When  the  blood  sugar  does  actually  reach  0.045  per  cent  there  is 
then  no  difficulty  in  stating  the  dosage  of  the  preparation  with  tolerable 
accuracy.  When  it  fails  to  reach  this  level  however  the  assay  is  more 
or  less  unsatisfactory.  There  are  several  factors  to  be  considered  in 
this  connection,  the  most  important  of  which  are: 

1 .  The  rate  of  physiological  action  of  the  i7isulin.  There  is  no  doubt 
that  this  varies  among  different  preparations.  It  is  decidedly  slower 
in  impure  preparations  than  in  those  that  give  only  faint  protein  re- 
actions. With  the  former,  the  blood  sugar  may  in  4  hours  not  yet 
have  reached  to  its  lowest  level  so  that  the  preparation  is  assayed  at 
too  low  a  value;  with  the  latter,  the  lowest  point  may  have  been  reached 
before  the  4  hours  so  that  the  assay  is  too  high.  At  present  we  know  of 
no  method  to  remove  these  sources  of  error  but  we  recommend,  when 
the  sugar  is  not  lowered  below  0.065  in  4  hours,  that  another  specimen 
of  blood  should  be  taken  in  5  or  6  hours  and  if  the  hypoglycemia  is 
more  pronounced  the  extent  to  wliich  the  action  is  delayed  should  be 
stated  in  the  assay  of  the  preparation.  If,  on  the  other  hand,  the  blood 
sugar  never  reaches  below  0.065  per  cent  with  an  injection  of  more  than 
4  cc.  the  preparation  must  be  considered  unsatisfactory.  When  the 
sugar  falls  to  between  0.055  and  0.065  we  arbitrarily  label  it  a  half 
rabbit  dose  and  that  this  is  a  comparatively  safe  expedient  is  evidenced 
in  the  results  of  table  4  by  the  fact  that  there  is  only  one  case  marked 
half  a  dose  in  which  convulsions  afterwards  developed. 

2.  The  same  dose  of  the  same  preparation  of  insulin  may  not  have  the 
same  effect  on  different  rabbits.  This  is  illustrated  in  the  following  results : 


EXPERIMENT 

AMOUNT 
INJECTED 

BLOOD  SUGAR 

TUIE 
AFTER  IN- 
JECTION 

SYMPTOMS 

Before 

After 

CC. 

per  cent 

per  cent 

hours 

CHB.  June  12. . 

0.14 

0.09 

2 

0.08 

2 

None 

June  12. . 

2 

0.11 

0.11 

2 

None 

June  14. . 

2 

0.13 

0.06 

2 

None 

June  14. . 

2 

0.185 

0.180 

2 

None 

June  20. . 

2 

0.12 

0.065 

2 

Convulsions  at  10  hours 

June  20. . 

2 

0.105 

0.040 

2 

Convulsions  at  3  hours 
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We  have  chosen  observations  which  probably  give  the  extreme  de- 
grees of  variabiHty  hkely  to  be  met  with,  but  the  failure,  as  in  the 


TABLE  4 

BLOOD  SUGAR 

AMOUNT 

TIME   AFTER 
INSULIN 

SYMPTOMS 

ASSAY 

DATE 

Before 
insulin 

After 
insulin 

(rapbit 
doses) 

CC. 

hours 

June    5 

0.148 

0.038 

4 

4 

Violent  con- 
vulsions 

1  plus 

June  12 

0.12 

0.040 

4 

3 

Violent  con- 
vulsions 

1  plus 

June  14 

0.13 

0.062 

2 

o 

None 

i  plus 

June  13 

0.122 

0.040 

3^ 

2^ 

Convulsions 

1  plus 

June  13 

0.125 

0.040 

3 

21 

Convulsions 

1  plus 

June  15 

0.146 

0.054 

9i 

^2 

2 

None 

1 

June  15 

0.115 

0.065 

91 

-2 

2 

None 

\ 

June  15 

0.155 

0.062 

3 

2 

None 

\ 

June  15 

0.120 

0.066 

2 

2 

None 

\ 

June  16 

0.130 

0.055 

2 

2i 

None 

\ 

June  19 

0.130 

0.060 

2 

2i 

Convulsions 
later 

\ 

June  19 

0.180 

0.040 

2 

If 

Convulsions 

1  plus 

June  19 

0.140 

0.060 

2 

2 

None 

1 

2 

June  19 

0.120 

0.060 

2 

2 

Convulsions 
later 

\ 

June  20 

0.120 

0.065 

2 

2  ■ 

Convulsions 
later 

1 

2 

June  20 

0,130 

0.065 

1 

u 

None 

1 
2 

June  20 

0.105 

0.04 

2 

2 

Convulsions 

1  plus 

May  8 

0.135 

0.056 

2 

u 

None 

\ 

May  16 

0.135 

0.045 

2i 

2i 

Convulsions 

1 

May  16 

0.120 

0.045 

U 

2f 

Convulsions 

1 

May  18 

0.140 

0.045 

3 

2§ 

Convulsions 

1 

May  1 

0.11 

0.045 

1 

2 

Convulsions 

1 

May  10 

0.11 

0.062 

3 

u 

None 

1 

2 

May  2 

0.165 

0.045 

10 

2 

Convulsions 

1 

May  3 

0.116 

0.062 

^2 

4 

None 

\ 

May  3 

0.138 

0.056 

5 

1 

None 

\ 

May  2 

0.141 

0.042 

11 

4 

Violent  con- 
vulsions 

1  plus 

experiments  of  June  12  and  14,  of  preparations  that  were  of  considerable 
potency  in  one  animal  not  to  cause  any  hypoglycemia  in  others  is 
obviously  unsatisfactory.     We   are  engaged  in  seeking  for  a  more 
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dependable  method  of  assay  but  at  present  must  fall  back  on  the  above 
as  the  only  one  available. 

In  the  following  table  4,  are  given  some  of  our  most  recent  results 
(not  included  in  the  preceding  tables)  in  which  the  above  principles  of 
assay  are  followed. 

Further  details  will  be  given  in  a  subsequent  paper  regarding  the 
influence  of  injections  of  various  sugars  and  related  substances  on  the 
convulsions.  For  the  present  it  is  important  to  note  that  in  practically 
every  case  in  which  we  have  injected  dextrose  (4  grams  in  20  per  cent 
solution)  within  half  an  hour  of  the  first  appearance  of  definite  con- 
vulsive seizures,  the  animals  have  recovered  as  described  in  the  experi- 
ment on  p.  166.  Even  when  the  convulsions  have  been  allowed  to  go  on 
until  the  animal  is  evideirtly  almost  moribund  dextrose  injections 
usually  have  a  most  marked  effect.  For  example,  we  have  on  several 
occasions  succeeded  in  restoring  to  a  tolerably  normal  condition  an 
animal  in  which  the  breatliing,  after  being  extremely  rapid  or  periodic 
in  type,  had  at  last  ceased.  Injections  of  equal  quantities  of  saHne 
solution  have  no  effect.  Frequently  animals  that  have  been  restored 
to  normal  by  dextrose  pass  a  second  time  into  convulsions  which  may 
again  be  antidoted  by  dextrose. 

CONCLUSIONS 

1.  Purified  alcohohc  extracts  of  pancreas,  for  which  we  suggest  the 
name  insulin,  when  injected  subcutaneously  into  normal  rabbits  cause 
the  percentage  of  sugar  in  the  blood  to  fall  within  a  few  hours. 

2.  As  a  tentative  basis  for  the  physiological  assay  of  insulin  we  con- 
sider as  one  unit  the  number  of  cubic  centimeters  which  causes  the  blood 
sugar  of  normal  rabbits  to  fall  to  0.045  per  cent  within  4  hours.  This 
dose  is  decidedly  active  in  lowering  the  blood  sugar  in  diabetic  patients. 

3.  As  the  blood  sugar  falls,  as  a  result  of  insulin  injections,  the  rabbit 
exhibits  highly  characteristic  symptoms  and  earliest  of  which  are  signs 
of  hunger  and  thirst,  hyperexcitability  and  apparent  fear. 

4.  The  animal  may  recover  from  these  earlier  symptoms  but  fre- 
quently, with  active  preparations,  the  hyperexcitability  becomes  extreme 
and  clonic  convulsive  seizures  involving  the  entire  body  and  lasting 
for  several  minutes  supervene.  Between  the  convulsive  seizures  the 
animal  is  lying  on  its  side  in  a  more  or  less  comatose  condition  with 
shallow,  rapid  and  frequently  periodic  breathing. 

5.  In  the  great  majority  of  cases  exhibiting  convulsions  the  blood 
sugar  has  been  found  to  be  about  0.045  per  cent. 
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6.  Subcutaneous  injections  of  dextrose  solutions  antidote  the  con- 
vulsions and  other  symptoms,  so  that  the  animal  in  a  few  minutes 
becomes  restored  to  a  tolerably  normal  condition.  Similar  symptoms 
may  again  develop  but  they  also  can  be  antidoted  by  dextrose. 

7.  In  animals  that  die  as  a  result  of  the  symptoms,  a  peculiar  mucig- 
inous  degeneration  of  the  subcutaneous  tissues  of  the  abdominal  wall 
is  very  commonly  observed. 


9 
(20 
(21 
(22 
(23 
(24 
(25 
(26 
(27 
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It  has  been  shown  that  insulin  (1)  (an  alcohoHc  pancreatic  extract 
prepared  as  described  elsewhere)  enables  the  diabetic  animal  and  man 
(2)  to  metabolize  sugar;  also  that  in  the  case  of  the  diabetic  dog  it 
causes  a  building  up  of  glycogen  (3) ,  and  that  it  reduces  the  blood  sugar  level 
in  normal  and  diabetic  animals  (4).  On  the  other  hand  it  has  been 
found  that  insulin  does  not  influence  the  glycolytic  power  of  blood  in 
vitro  or  the  rate  of  post-mortem  glycogenolysis  in  the  Hver  (4a).  The 
cause  of  its  hypoglycemic  influence  is  therefore  apparently  resident  in 
the  active  tissues  and  it  becomes  of  interest  to  see  whether  it  can  alter 
the  rate  of  sugar  consumption  by  the  surviving  mammalian  heart.  It 
is  with  this  aspect  of  the  problem  of  the  locus  of  action  of  insulin  that 
the  present  paper  is  concerned. 

It  is  scarcely  necessary  to  review  in  detail  the  results  of  the  numerous 
observations  that  have  from  time  to  time  been  made  on  the  rate  at 
which  reducing  substance  disappears  from  nutrient  fluid  that  has  been 
repeatedly  perfused  through  the  surviving  heart.  The  following  re- 
sults for  the  rabbit  heart  are,  however,  of  importance  for  the  interpreta- 
tion of  those  of  the  present  investigation,  Locke  and  Rosenheim  (5) 
in  4  experiments  found  an  average  consumption  of  1.5  mgm.  per  gram 
heart  per  hour.  Maclean  and  Smedley  (6)  in  4  experiments  an  average 
of  0.5  to  1.0  mgm.;  Mansfeld  (7)  in  25  experiments  2.2  mgm.  and 
Underbill  and  Prince  (8) ,  0.7  to  1 .6  mgm.  Camis  (9) ,  on  the  other  hand, 
in  20  experiments  did  not  find  any  consumption  of  sugar,  whereas 
Gayda  (10)  in  10  experiments  found  an  average  of  7.1  mgm. 

Various  investigators  have  studied  the  effects  of  pancreatic  extracts 
on  the  rate  of  consumption  of  sugar  by  the  isolated  heart.  Thus, 
Maclean  and  Smedley  (loc.  cit.)  using  diabetic  dog  and  cat  hearts  found 
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that  the  addition  of  pancreatic  extract  increased  the  sugar  consumption 
in  some  cases  up  to  normal  and,  as  is  well  known,  Knowlton  and  Star- 
ling (11)  thought  that  the  weakened  sugar-consuming  powers  of  the 
surviving  heart  of  diabetic  dogs  could  be  greatly  increased  by  the 
addition  of  pancreatic  extract  to  the  perfusion  fluid.  In  a  later  paper 
however,  Patterson  and  Starling  (12)  showed  that  the  sugar  consump- 
tion of  the  diabetic  dog's  heart  is  the  same  as  that  of  a  normal  dog's 
heart.  The  most  important  of  the  recent  work  is  that  of  A.  H.  Clarke 
(13).  Working  with  dogs,  this  investigator  found  that  the  perfused 
pancreas  consumed  no  sugar  as  judged  by  changes  in  the  perfusion  fluid 
but  that  the  amount  consumed  by  the  heart  was  very  decidedly  in- 
creased when  the  nutrient  fluid  was  first  of  all  perfused  through  the 
pancreas  and  then  through  the  heart,  or  when  the  two  were  perfused 
simultaneously.  As  a  result  of  Clarke's  investigations  there  can  be 
little  doubt  that  the  pancreas  delivers  into  the  fluid  perfused  through 
it  something  that  accelerates  sugar  consumption  by  the  heart  of  the 
same  animal. 

Methods.  The  principle  of  the  method  used  to  perfuse  the  heart 
was  that  of  Locke  (loc.  cit).  The  animal  was  killed  by  a  blow  on  the 
head,  then  quickly  bled  and  the  heart  removed  and  placed  in  warm 
Locke's  fluid.  After  being  freed  from  fat,  pericardium,  etc.,  it  was 
attached  to  the  cannula  of  the  apparatus  and  care  was  taken  to  ensure 
a  constant  temperature  and  thorough  oxygenation  of  the  perfusion 
fluid.  This  contained  0.2  per  cent  dextrose  and  was  made  up  fresh  for 
each  experiment  with  hard  glass-distilled  spring  water;  pH  was  adjusted 
to  7.2.  The  apparatus  was  thoroughly  sterilized  before  each  experi- 
ment. 

Locke  (loc.  cit.)  has  shown  that  such  a  fluid  when  oxygenated  can 
be  recirculated  through  the  apparatus  for  9  hours  without  glycolysis 
and  that  the  perfusate,  after  a  heart  perfusion,  can  be  incubated  at 
36°C.  with  toluol  for  44  hours  without  glycolysis  occurring. 

Starhng  also  states  that  if  sterilization  is  carried  out  thoroughly, 
glycolysis  due  to  bacterial  action  is  negligible  under  4  hours. 

Records  were  taken  every  15  minutes  of  temperature,  heart  rate  and 
rate  of  flow  in  drops  per  minute.  Sugar  estimations  were  made  every 
half-hour  on  1  cc.  samples,  using  the  Schaffer-Hartmann  (14)  method. 
Most  of  the  experiments  lasted  4  hours.  The  first  100  cc.  of  perfusate 
were  always  discarded  to  get  rid  of  traces  of  blood.  In  most  cases  the 
glycogen  content  of  the  heart  was  determined  by  the  Pfliiger  (15) 
method  at  the  end  of  the  experiment. 
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The  perfusate  was  hydrolyzed  at  the  end  of  the  experiment  in  two 
cases  and  showed  no  increase  in  the  amount  of  reducing  sugar.  In 
estimating  the  sugar  consumption  in  each  observation,  the  loss  of  fluid 
by  evaporation  and  removal  of  samples  was  taken  into  account  by 
measuring  the  quantity  left  at  the  end  of  the  experiment.  The  per- 
fusion fluid  measured  150  cc.  to  start  with  in  most  of  the  experiments. 

Results:  A.  Cases  without  insulin.  Because  of  lack  of  uniformity 
in  the  results  obtained  by  previous  workers,  it  was  considered  necessary 
for  us  to  collect  data  of  our  own  for  the  normal  heart  beating  under 
conditions  that  were  precisely  similar  to  those  of  the  heart  treated  with 
insuhn.  We  beUeve  that  the  lack  of  uniformity  of  the  results  by  pre- 
vious workers  is  to  be  accounted  for  by  the  varjdng  conditions  of  per- 
fusion, particularly  the  chemical  purity  of  the  water  and  of  the  salts 
used  in  the  preparation  of  Locke's  solution,  and  the  proper  regulation 
of  the  pH.  For  comparison  of  the  sugar  consumption  of  different 
hearts  it  is  obviously  important  that  all  these  details  be  standardized. 
The  details  of  a  typical  observation  on  the  normal  heart  are  given  in 
table  1,  from  which  it  will  be  observed  that  the  rate  of  consumption 
remains  tolerably  constant  for  about  2|  hours,  after  which  it  diminishes 
at  the  same  time  as  the  flow  of  perfusion  fluid  becomes  reduced.  There 
were  in  all  twelve  observations  of  this  type  and  the  results  are  shown  in 
graphic  form  in  figure  1.  The  sugar  consumption  in  milligrams  per 
gram  of  heart  per  hour  is  shown  in  the  white  columns  and  the  average 
blood  flow  (expressed  as  a  percentage  of  the  initial  flow),  the  percentage 
of  glycogen  and  the  pH  in  the  other,  variously  shaded  columns.  The 
average  sugar  consumption  for  all  hearts  is  0.87  mgm.  per  gram  heart 
per  hour  which  agrees  almost  exactlj''  with  the  results  of  Maclean  and 
Smedley,  and  Underbill  and  Prince.  An  exceptionally  low  rate  of 
sugar  consumption  was  found  in  one  heart  (no.  XX)  where  it  was 
associated  with  an  unusually  high  percentage  of  glycogen.  If  we  leave 
this  result  out,  the  average  for  the  remaining  hearts  is  0.97  with  a 
maximum  of  1.5  and  a  minimum  of  0.4  mgm.  per  gram  muscle  per  hour. 
The  maximum  consumption  occurred  in  a  heart  (no.  XII)  containing 
0.2  per  cent  glycogen  but  it  is  impossible  to  make  out  any  direct  rela- 
tionship between  these  two  values  in  the  remaining  observations.  Nor 
is  there  :iny  evident  relationsliip  between  pH  or  rate  of  flow  and  the 
sugar  consumption.  The  glycogen  content  of  this  series  varied  from 
0.143  to  0.995  per  cent,  with  an  average  of  0.292  per  cent.  Leaving 
out  the  unusually  high  figure  0.995  in  case  XX,  the  average  is  0.207 
per  cent. 


TABLE  1 
Protocol  of  experiment  without  extract 
Rabbit  XII.     March  10,  1922.     250  cc.  fluid.     Perfusion  commenced  at  9:50. 
First  100  cc.  discarded 


TIME 

SAMPLE 

PER  CENT 
8UG.*.R 

pH 

TEMPERA- 
TURE 

RATE  OP 

HEART 

BEATS  PER 

MINUTE 

FLOW  IN 

DROPS 

PER 

MINUTE 

REMARKS 

10:00 

1 

0.185 

7.3 

38.0 

128 

130 

Fair  beat 

10:15 

38.0 

128 

128 

10:30 

2 

0.180 

36.0 

120 

120 

Foaming 

10:45 

37.5 

120 

68 

11:00 

3 

0.178 

37.0 

120 

120 

Better  beat 

11:15 

37.0 

120 

124 

11:30 

4 

0.174 

36.5 

112 

120 

11:45 

38.0 

112 

110 

12:00 

5 

0.164 

38.5 

108 

60 

12:15 

37.5 

198 

80 

12:30 

6 

0.161 

37. n 

96 

52 

Fair  beat 

12:45 

37.0 

96 

50 

1:00 

7 

0.162 

37.5 

90 

44 

1:15 

38.0 

90 

49 

1:30 

8 

0.156 

38.0 

94 

48 

Weakening 

1:45 

38.5 

100 

54 

2:00 

9 

0.149 

38.5 

120 

52 

2:15 

37.0 

87 

48 

2:30 

10 

0.148 

37.5 

92 

48 

125  cc.  fluid  at  end. 

Sugar  consumption  =  1.5  mgm.  per  gram  per  hour. 

Glycogen  =  0.203  per  cent. 


Fig.  1.  Without  insulin.  ^ ,  Average  flow  as  per  cent  of  initial  flow, 
cose  used  in  milligrams  per  gram  per  hour.  C,  Per  cent  glycogen. 
*,  0.995  per  cent  glycogen. 
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B,  Glu- 
D,  pH. 
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B.  Cases  with  insulin.  '  There  were  twenty  observations  in  this  group. 
The  insuUn  was  prepared  in  the  Connaught  Laboratories  of  the  Uni- 
versity of  Toronto  according  to  the  methods  worked  out  by  F.  G. 
Banting,  C.  H.  Best,  J.  B.  Colhp  and  J.  J.  R.  Macleod  (16).  Since 
it  appeared  that  the  traces  of  tricresol  usually  added  as  a  preservative 
had  an  effect  on  the  heart  beat,  only  fresh  preparations  containing 
no  preservative  were  used.  They  were  not  all  of  the  same  degree 
of  purity,  some  containing  larger  traces  of  peptone-hke  material  than 
others.  The  potency  of  the  various  extracts,  as  judged  by  their  effects 
on  the  blood  sugar  percentage  of  normal  rabbits  was  not  uniform  but  in 
the  later  observations  a  preliminary  test  was  usually  made  so  as  to 
control  this  factor. 

The  insulin  was  used  in  several  ways : 

a.  It  was  added  to  the  perfusion  fluid  and  the  pH  adjusted  before 
the  experiment.  This  method  was  used  in  the  earher  experiments  but 
was  not  found  to  be  entirely  satisfactory. 

h.  It  was  added  to  10  to  20  cc.  perfusate  removed  about  one  hour 
after  the  beginning  of  the  experiment;  the  pH  was  then  adjusted  and 
the  fluid  replaced  in  the  apparatus. 

c.  Minute  quantities,  0.1  to  0.25  cc.  insuUn  were  added  to  the  per- 
fusate every  15  minutes.  This  method  was  adopted  in  the  later  experi- 
ments and  was  found  to  be  most  satisfactory  as  it  kept  the  pH  at  about 
7.2,  instead  of  increasing  as  it  otherwise  tended  to  do. 

In  several  of  the  later  experiments  a  dose  of  insulin  was  given  sub- 
cutaneously  20  to  60  minutes  before  kilhng  the  animal  and  perfusing 
the  heart. 

The  results  of  this  series  are  shown  graphically  in  figure  2.  In  the 
earher  experiments  (13  to  27)  and  in  experiments  32,  35,  36  and  37  the 
insulin  was  either  of  unknown  strength  or  was  found  to  be  very  weak. 
The  sugar  consumption  of  this  group  varied  from  0  to  4.11  mgm. 
with  an  average  of  1.9  mgm.  The  glycogen  content  of  this  series  varied 
from  0.117  to  0.397  per  cent  with  an  average  of  0.215  per  cent.  In  8 
of  the  later  experiments  where  the  insulin  was  of  proven  potency,  free 
from  protein  and  Berkefelded,  the  consumption  was  as  is  given  in 
table  2. 

Kymographic  tracings  were  taken  of  the  heart  in  several  experiments 
with  the  object  of  detecting  any  pharmacological  action  of  insuhn  but 
beyond  a  slight  improvement  in  flow  no  definite  effect  was  observed. 
The  rate  of  flow  and  the  pH  were  satisfactorily  similar  in  the  two  sets  of 
observations. 
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Fig.  2.  Without  insulin.    A,  Average  flow  as  per  cent  of  initial  flow.    B,  Glucose 
used  in  milligrams  per  gram  per  hour.     C,  Per  cent  glycogen.    D,  pH. 


TABLE  2 


CASE 

SUGAR  CONSUMPTION  PER  GRAM 
HEART  PER  HOUR 

GLYCOGEN 

XXX 

xxxi 

xxxiv 

xxxvi 

xxxix 

xl 

xli 

xlii 

mgm. 

2.16 
3.90 
3.30 
3.06 
2.06 
2.58 
4.11 
3.29 

per  cent 

0.160 

0.120 

0.350 

0.311 

0.153 

0.155 

lost 

0.179 

Average 

3.06 

0.204 

DISCUSSION 

If  we  take  the  eight  experiments  in  which  there  is  no  doubt  that 
highly  potent  insuhn  was  used  it  is  clear  that  the  consumption  of  sugar 
as  compared  with  that,  of  untreated  hearts  was  greatly  increased. 
In  five  cases  (31,  34,  36,  41  and  42)  this  increase  amounted  to  more 
than  twice  the  maximum  observed  in  the  series  of  twelve  hearts  per- 
fused without  insulin  and  in  two  of  the  cases  it  was  over  four  times  the 
average  for  the  normal  hearts.  The  rate  of  flow  diminished  during 
each  experiment  to  about  the  same  extent  in  both  series  of  observations 
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and,  with  one  exception,  the  glycogen  content  was  similar.  Since 
there  was  no  evidence,  in  two  observations,  that  any  of  the  reducing 
sugar  that  disappeared  had  become  converted  into  a  non-reducing 
form  in  the  perfusion  fluid  and  since  it  is  certain  that  there  could  have 
been  very  little,  if  any,  bacterial  decomposition  of  sugar  during  the 
time  of  the  observations,  the  conclusion  can  be  drawn  that  insulin  de- 
cidedly increases  the  power  of  the  isolated  heart  to  remove  reducing 
sugar  from  the  fluid  perfused  through  it.  As  to  whether  the  power 
to  metabolize  the  sugar  completely  is  altered  cannot  be  said  without 
investigation  of  the  respiratory  quotient  and  this  we  hope  to  under- 
take in  heart-lung  preparations  in  the  near  future.  Since  it  has  been 
shown  in  this  laboratory  that  R.Q.  is  raised  in  depancreated  animals 
when  insuHn  is  given  along  with  sugar  (16),  the  investigation  referred 
to  will  be  of  great  interest.  Of  the  three  ways  by  which  reducing  sugar 
in  the  perfusion  fluid  could  be  disposed  of  in  the  heart,  namely,  by 
polymerization  into  glycogen,  by  a  partial  spKtting  up  into  smaller 
molecules  without  complete  oxidation  and  by  complete  oxidation,  we 
have  so  far  only  collected  evidence  regarding  the  possibility  of  poly- 
merization. This  evidence  is  obtained  by  comparison  of  the  glycogen 
content  of  the  two  series  of  hearts  and  as  far  as  it  goes  does  not  indicate 
that  such  a  process  had  occurred,  the  average  percentage  of  glycogen 
in  the  normal  heart  being  0.207  and  in  the  treated  hearts  0.204.  The 
considerable  degree  of  variability  in  the  different  hearts  of  both  series, 
however,  makes  these  averages  somewhat  unreliable. 

CONCLUSIONS 

The  average  sugar  consumption  of  the  isolated  rabbit  heart  perfused 
with  Locke's  solution  was  found  to  be  0.87  mgm.  per  gram  per  hour. 
When  insuHn  of  proved  potency,  as  tested  by  its  ability  to  lower  the 
blood  sugar  in  normal  rabbits,  was  added  to  the  perfusion  fluid,  the 
average  sugar  consumption  rose  to  3.06  mgm.  per  gram  per  hour. 

The  average  glycogen  content  of  the  treated  and  untreated  hearts 
was  practically  the  same. 

BIBLIOGRAPHY 

(1)  Banting  and  Best:  Journ.  Lab.  Clin.  Med.,  1922,  vii,  no.  5. 

(2)  Banting,   Best,    Collip,    Campbell  and   Fletcher:  Can.   ]\Ied.    Assoc. 

Journ.,  1922,  xii. 

(3)  Banting,  Best,  Collip,  Macleod  and  Noble:  Trans.  Roy.  Soc.  Canada, 

May,  1922. 

(4)  Banting,  Best,  Collip,  Macleod  and  Noble  :  Ibid. 


184  J.    HEPBURN    AND   J.    K.    LATCHFORD 

4a)  Unpublished  work  from  this  laboratory. 

\5)  Locke  and  Rosenheim:  Jo  urn.  Physiol.,  1907,  xxxvi,  205. 

6)  Maclean  AND  Smedley ;  Ibid.,  1913,  xlv,  470. 

7)  Mansfeld:  Zentralbl.  f.  Physiol.,  1914,  xxvii,  267. 

8)  Underbill  and  Prince:  Journ.  Biol.  Chem.,  1914,  xvii,  299. 

9)  Camis:  Zeitschr.  f.  allg,.  Physiol.,  1908,  viii,  371. 

(10)  Gayda:  Ibid,  1912,  xiii,  1. 

(11)  Knowlton  and  Starling:  Journ.  Physiol.,  1912,  xlv,  146. 

(12)  Patterson  AND  Starling:  Ibid.,  1913,  xlvii,  137. 

(13)  Clarke:  Johns  Hopkins  Hosp.  Repts.,  xviii,  229. 

(14)  Schaffer  AND  Hartman:  Journ.  Biol.  Chem.,  1922,  xlv,  349. 

(15)  Pfluger:  Arch.  f.  Physiol.,  1904,  103,  169. 

(16)  Banting,  Best,  Collip,  Macleod  and  Noble:  Trans.  Roy.  Soc.  Canada, 

May,  1922. 


UNIVERSITY   OF   TORONTO 
STUDIES 

PHYSIOLOGICAL  SERIES 


No.  53:     THE   DETERMINATION   OF   LACTIC   ACID    IN 

BLOOD,    BY  J.    J.    R.    MACLEOD,  WITH   THE  ASSISTANCE   OF   MiSS 

M.  E.  Armour. 

(Reprinted  from  the  Journal  of  Laboratory  and  Clinical  Medicine.  Vol.  VII.) 


THE  UNIVERSITY  LIBRARY:  PUBLISHED  BY 
THE  LIBRARIAN,  1922. 


Tllnivereiti?  of  (Toronto  StuMea 

COMMITTEE  OF  MANAGEMENT 


Chairman:  Sir  Robert  Alexander  Falconer,  LL.D.,  K.C.M.G., 

President  of  the  University 

Professor  W.  J.  Alexander,  Ph.D. 

Professor  J.  P.  McMurrich,  Ph.D. 

Brig.-Gen.  C.  H.  Mitchell,  B.A.Sc,  C.B.,  C.M.G  ,  D.S.O. 

Professor  G.  H.  Needler,  Ph.D. 

Professor  George  M.  Wrong,  LL.D. 

General  Editor:  W.  S.  Wallace,  M.A., 

Associate  Librarian  of  the  University 


Reprint  from  TiiE  Journal  of  Laboratory  and  Clinical  Medicine,  St.   Louis. 
Vol.   Vn,   No.    U,   August,    1922. 


THE  DETERMINATION  OF  LACTIC  ACID  IN  BLOOD* 


By  J.  J.  R.  MACLEOD,  M.B.,  Toronto,  Canada. 
With  the  assistance  of  Miss  M.  E.  Armour 


DURING  the  past  few  years  we  have  had  occasion  frequently  to  determine 
tlie  amount  of  lactic  acid  in  blood,  and  occasionally  in  urine.  We  have  used 
the  method  of  Von  Fiirth  and  Charnassf  but  have  found  that  there  are  various 
parts  of  the  process  in  which  considerable  errors  are  liable  to  be  made  unless 
great  care  is  exercised.  In  the  present  paper  we  are  recording  some  of  our 
experiences  with  the  method  as  used  with  the  modifications  which  we  have  in- 
troduced to  avoid  error.  The  method  is  inapplicable  for  urine  without  very  con- 
siderable modifications  and  even  with  these  the  results,  in  our  hands,  were  not 
very  satisfactory.    The  present  paper  relates  to  the  method  for  blood. 

Since  the  method  is  apparently  not  well  known  among  British  and  Amer- 
ican workers  we  will  first  of  all  describe  it  in  detail  as  used  in  this  laboratory. 
A  flask  containing  100  c.c.  of  2  per  cent  HCl  is  weighed,  and  from  25  to  50  c.c. 
blood  is  delivered  into  it,  after  which  it  is  immediately  reweighed  and  sufficient 
of  a  5  per  cent  solution  of  HgCL  added  to  precipitate  all  the  proteins.  We 
have  found  that  80  c.c.  of  this  solution  is  necessary  for  50  grams  of  blood. 
When  less  blood  is  taken,  proportionately  less  HgCl,  solution  should  be  used, 
so  as  not  to  increase  the  bulk  of  the  HgS  precipitate  formed  in  the  next  stage. 
The  mixture  is  made  up  to  250  c.c.  with  water,  and  is  well  shaken.  After  pre- 
cipitation, or  in  about  30  mins.  it  is  filtered  through  thin  folded  filter  paper 
until  as  much  filtrate  comes  through  as  possible.  The  excess  of  mercury  is  then 
precipitated  by  hydrogen  sulphide,  the  precipitate  removed  by  filtration  and 


*From  the  Department  of  Physiology,  L'niversity  of  Toronto,  Canada. 

tVon    Furth    and    Charnass:      Biochem.    Ztschr.,    1910,    xxvi    199,    also    Analyse    des    Harns    (Wies- 
baden), 1910,  i,  233. 


the  filtrate  accurately  measured.  An  aliquot  part,  175  c.c.  (7/lOths)  of  the 
original  solution  can  usually  be  secured,  is  taken  for  further  analysis.  This 
measured  portion  is  then  almost  neutralized  towards  litmus  with  sodium  hy- 
droxide 4  per  cent  and  placed  in  a  large  fiat  porcelain  photographic  developing 
tray  with  a  lip  at  one  corner.  The  bulk  is  reduced  by  evaporation  in  a  warmed 
air  stream.  We  have  found  that  a  large  sized  majestic  heater  w^orking  in  line 
with  a  large  sized  office  fan,  quite  rapidly  reduces  the  solution.  It  is  very  im- 
portant that  the  temperature  during  evaporation  should  never  rise  above  40° 
C.  since  above  this  temperature,  even  in  faintly  acid  solutions,  there  is  a  decided 
loss  of  lactic  acid.  Under  the  above  conditions,  because  of  the  rapid  evaporation, 
the  temperature  rarely  rises  above  20°  C. 


Fig.   1. 

Evaporation  is  allowed  to  proceed  until  the  volume  is  reduced  to  50  c.c. 
(2  to  3  hours)  and  this  is  then  transferred  to  the  extraction  tube  of  the  Dunbar 
apparatus  (vide  infra).  The  photographic  dish  is  washed  into  the  tube  by 
means  of  about  25  c.c.  of  saturated  solution  of  Amonium  sulphate  in  three  por- 
tions, and  the  fluid  in  the  tube  is  saturated  with  ammonium  sulphate  (about 
50  grams),  3  c.c.  phosphoric  acid  added,  and  extraction  is  allowed  to  proceed  for 
48  hrs. 

The  Dunbar  apparatus  (see  Fig.  1)  consists  of  an  outer  glass  cylinder 
bulged  below  (A),  an  extraction  tube  (B)  having  a  loop  of  thin  aluminum 
wire  attached  at  its  upper  end,  a  thistle  tube  with  a  long  stem  (C)  closed  below 
except  for  several  pin  holes,  and  a  conical  condenser  (D)  which  rests  on  the 


upper  edge  of  the  outer  tube.  A  sufficient  amount  of  glass  wool  is  tied  round 
the  lower  end  of  tube  C  (by  means  of  thread)  so  that  it. may  serve  to  impede 
the  upward  passage  of  the  ether  as  it  comes  from  the  openings  at  the  end  of 
the  tube.  Ten  c.c.  approximately  N/10  NaOH  solution  and  200  c.c.  alcohol- 
free  ether  are  placed'  in  A,  and  B  is  then  carefully  lowered  into  A  by 
means  of  the  loop  of  wire.  The  total  fluid  in  B  should  not  occupy  more 
than  three-fourths  of  the  tube.  The  condenser  is  put  in  position  and  the 
assembled  apparatus  placed  on  an  electric  heater  enclosed  in  an  asbestos  box 
with  an  opening  to  fit  the  lower  bulged  end  of  A.  The  degree  of  heat  is  regulated 
so  that  the  condensed  ether  drops  from  the  tip  of  the  condenser  in  an  almost 
continuous  stream  into  the  thistle  funnel. 

The  ether  used  must  be  free  of  all  traces  of  alcohol.  For  the  purpose  of 
purifying  it  commercial  ether  is  shaken  several  times  in  a  separator  wdtli  GO 
per  cent  KOH,  then  washed  with  water  till  the  washings  are  neutral,  and  placed 
over  CaClo  for  a  day  or  so,  and  finally  distilled.  This  purification  is  unneces- 
sary when  the  ether  distilled  off  from  previous  extractions  is  used. 

When  extraction  is  complete,  B  is  partly  removed  from  A  by  the  wire  loop, 
and  C  slowly  lifted  out,  allowing  every  drop  of  ether  to  drip  from  it.  The  re- 
maining ether  in  B  is  caused  to  overflow  into  A  by  cautiously  adding  water. 
The  contents  of  A,  which  should  be  alkaline,  are  now  carefully  transferred  to 
an  Erlenmeyer  fla.sk  connected  with  a  condenser.  The  flask  is  placed  on  a  water- 
bath  heated  by  an  electric  lamp,  the  temperature  of  the  water-bath  during  dis- 
tillation never  being  allowed  to  rise  above  50°  C.  Distillation  is  continued  until 
no  more  ether  distills  over.  The  flask  containing  the  faintly  alkaline  water 
solution  of  lactate  is  placed  for  a  few  minutes  on  a  boiling  water-bath  so  as  to 
remove  all  traces  of  ether,  after  which  the  contents  are  carefully  transferred  to 
a  one  litre  fractional  distillation  flask,  being  washed  into  this  by  means  of  300 
c.c.  of  solution  (0.5  per  cent)  of  HgSO^.  The  mouth  of  the  flask  is  then  closed 
with  a  rubber  stopper  through  which  passes  the  tube  of  a  stoppered  funnel, 
the  lower  end  of  the  tube  being  drawn  out  to  a  fine  point  which  extends  close 
to  the  bottom  of  the  flask.  This  funnel  and  tube  are  filled  with  potassium 
permanganate  solution  by  suction,  care  being  taken  that  no  air  bubbles  remain 
in  the  tube.  The  side  tube  of  the  flask  is  so  arranged  that  it  can  readily  be 
connected  with  a  worm  condenser  to  the  delivery  end  of  which  is  attached  a 
tube  which  pierces  a  large  rubber  stopper  fitting  a  cylinder  of  about  400  c.c. 
capacity.  This  cylinder  stands  in  a  vessel  of  cold  water,  and  to  it  is  a'dded 
10  c.c.  of  approximately  N/5  KHSO3  solution  (1.2  grams  per  100  c.c.)  and  10 
c.c.  of  distilled  water.  The  condenser  tube  is  connected  with  a  glass  tube  which 
dips  into  the  bisulphite  solution.  A  trap  containnig  a  few  c.c.  of  water  is  in- 
serted through  a  second  hole  in  the  stopper. 

The  contents  of  the  distillation  flask  are  now  heated,  and  when  boiling 
commences  and  steam  emerges  from  the  end  of  the  side  tube,  connection  is  made 
between  the  side  tube  and  the  upper  end  of  the  condenser.  The  tap  controlling 
the  flow  of  the  permanganate  solution  is  now  turned  so  that  the  permanganate 
solution  flows  at  such  a  rate  that  the  pink  color  of  the  solution  emerging  from 
the  fine  point  of  the  tube  disappears  before  reaching  the  surface  of  the  solution 


in  the  flask.  The  flame  under  the  flask  is  now  turned  down  slightly,  so  that  it 
may  be  increased  in  case  of  back  suction.  We  have  found  it  most  important 
to  start  the  flow  of  permanganate  very  slowly,  as  otherwise  the  solution  changes 
color  too  rapidly,  and  lactic  acid  is  lost.  The  permanganate  is  added  until  a 
permanent  pink  (brownish)  remains  throughout  the  solution.  The  tap  is  then 
closed  and  boiling  continued  for  ten  minutes  more.  If  no  change  takes  place 
in  the  color,  oxidation  is  complete.  If  otherwise,  more  permanganate  must  be 
added.  When  oxidation  is  complete,  the  side  arm  is  disconnected  from  the 
condenser  (before  turning  out  the  flame). 

The  condenser  and  trap  are  washed  into  the  cylinder  with  distilled  Avater 
by  means  of  a  water  bottle,  and  the  contents  titrated  against  standard  iodine 
(about  N/10),  starch  solution  being  used  as  an  indicator.  It  is  also  necessary 
with  each  fresh  batch  of  ether  to  evaporate  the  amount  (200  c.e.)  used  for  ex- 
traction and  to  oxidize  the  residue  in  the  flask  exactly  as  in  the  estimation  it- 
self. This  blank  usually  yields  a  small  amount  of  distillate  capable  of  combining 
with  the  bisulphite,  but  it  should  never  exceed  1  c.c.  N/25  iodine  solution. 

THE   TITRATIONS 

The  following  solutions  are  necessary : 

1.  Deci-normal  sodium  thiosulphate  24.8  gms  (Na^SoOg,  SHaO)  per  litre. 
This  is  titrated  against  N/10  potassium  dichromate  which  can  readily  be  pre- 
pared by  direct  weighing  from  the  fused  salt.  For  this  purpose  about  6  gms. 
C.P.  potassium  dichromate  is  gently  heated  in  a  porcelain  dish  so  that  it  becomes 
fused.  The  fused  salt  is  then  quickly  powdered  in  a  thoroughly  dry  mortar 
and  placed  in  a  desiccator,  4.913  grams  are  accurately  weighed  out  and  dissolved 
in  1  litre.  To  titrate  the  thiosulphate,  25  c.c.  of  N/10  dichromate  are  placed 
in  a  stoppered  flask,  about  2  gms.  Pot.  Iodide  added  and  then  about  5  c.c.  C.P. 
HCl.  The  bottle  is  stoppered  and  allowed  to  stand  for  about  10  minutes  in 
a  warm  place  after  which  it  is  cooled.  The  stopper  is  removed  and  washed  with 
water  into  the  bottle.  The  thiosulphate  solution  is  then  run  from  a  burette 
into  the  bottle  until  the  brown  color  due  to  free  I.  is  almost  discharged.  A  few 
drops  of  starch  solution  are  added  and  the  titration  continued  until  the  blue 
color  is  completely  discharged.  The  exact  amount  of  thiosulphate  is  noted  and 
the  normality  factor  calculated. 

2.  Approximately  N/25th  I-solution — 5  gm.  I  are  placed  in  a  litre  flask. 
Fifteen  gms.  potassium  iodide  are  dissolved  in  200  c.c.  water  and  this  solution 
added  to  the  flask  which  is  then  shaken  until  the  I.  dissolves.  The  volume  is 
then  made  up  to  1  litre. 

3.  Potassium  Bisulphite  solution.  Dissolve  1.2  gms.  Pot.  Bisulphite  in  100 
c.c.  water.     This  solution  should  be  freshly  prepared  every  two  or  three  days. 

4.  Approximately  N/10  Potassium  Pernmnganate.  (3.16  gms.  per  litre.) 
This  is  a  stock  solution  from  which  the  solution  to  be  used  for  oxidizing  is  pre- 
pared. Wlien  large  amounts  of  lactic  acid  are  expected  a  N/100  solution  is 
used.  For  smaller  amounts,  as  in  blood  a  N/300  is  used  (i.e.  100  c.c.  N/10  stock 
solution  diluted  to  3  litres). 

5.  Sulphuric  acid  solution.    5.0  c.c.  HoSO^  (eon.)  in  1  litre  water. 


6.  One  per  cent  starch  solution  {soluble  starch). 
The  routine  of  an  analj^sis  is  as  follows: 

1.  Titrate  Thiosiilpliate  solution  with  dichromafe.  (This  need  not 
be  done  every  day.) 

2.  Titrate  10  c.c.  I-solution  with  Thiosulphate. 

3.  Titrate  10  c.c.  Bisulphite  solution  against  I.  (In  both  these  titra- 
tions the  broAvn  color  of  the  iodine  serves  as  an  indicator  until 
near  the  end  point  when  starch  solution  is  used.) 

4.  Place  10  c.c.  Bisulphite  solution  in  receiving  flask  of  oxidizing  ap- 
paratus and  proceed  with  oxidation  as  described  on  p.  2. 

5.  Remove  flask  and  titrate  distillate  with  I-solution. 

6.  Repeat  4  and  5  with  ether  residue  as  described  on  p.  4. 

7.  The  difference  between  titrations  3  and  5  gives  the  number  of  cubic 
centimetres  of  I-solution  which  corresponds  to  the  bisulphite  that  has  combined 
with  the  aldehyde  liberated  by  oxidation  from  lactic  acid.  The  normality  of 
this  amount  of  I.  is  readily  determined  from  titration  2  (by  multiplying  it  by 
the  value  found  in  2). 

The  calculations  are  as  follows: 

Each  c.em.  N/10  Iodine  solution  corresponds  to  0.5  c.c.  N/10  Lactic  acid. 
Therefore  if  we  multiply  the  value  found  in  the  paragraph  7  above  by  4.5  it 
will  give  the  milligrams  of  lactic  acid  that  have  been  oxidized.  Since  the  titre  of 
the  I.  against  Thiosulphate  solution  remains  tolerably  constant  from  day  to  day, 
it  is  convenient  to  use  a  factor  which  consists  of  4.5  multiplied  by  the  c.c.  N/10 
Thiosulphate  required  to  combine  with  10  c.c.  I-solution.  This  factor  multiplied 
by  the  difference  between  the  titrations  3  and  5  above  gives  mg.  lactic  acid. 

To  calculate  the  percentage  it  is  then  necessary  to  allow  for  the  amount  of 
blood  and  aliquot  of  filtrate  used.  The  following  is  an  example :  Blood  used 
36.6  c.c. 

Aliquot  of  filtrate  used  178  c.c. 

(1)  25  c.c.  N/10  Bichromate  solution  =  25.3  c.c.  Thiosulphate. 

.•.  Normality  factor  for  Thio.  =  0.988  (0.99). 

(2)  10  c.c.  I-solution  =  3.7  c.c.  N/10  Thiosulphate. 

(3)  10  c.c.  Bisulphite  =  26.7  c.c.  I-solution. 

(5)  After  distillation  =  14.5  c.c.  I-solution. 

Difference  12.2 

(6)  Blank  for  ether  .5 


11.7 


,.       .         11.7  X  3.7  X  0.0045  x  236.6  x  10  x  100 
The  equation  is:     -=5 — ^—-^ =  0.0707  per  cent. 
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The  following  tests  have  been  made  of  the  degree  of  accuracy  of  the  method. 

There  are  at  least  four  stages  in  the  process  as  outlined  above  at  which 
losses  of  lactic  acid  may  occur,  (a)  in  the  removal  of  the  proteins  from  the 
blood,  (b)  in  the  evaporation  to  small  bulk  of  the  protein-free  filtrate,  (c)  in 
the  ether  extraction  (d)  in  the  oxidation  of  the  lactic  acid  contained  in  the 
final  extract. 


The  first  to  consider  is  the  oxidation  process.  It  has  been  pointed  out  by 
von  Fiirth  and  Charnass  that  the  concentration  of  the  permanganate  solution 
must  not  exceed  0.01  N.  Using  this  strength  these  workers  succeeded  in  recover- 
ing with  tolerable  constancy  92  per  cent  of  lactic  acid  from  lithium  lactate.  By 
no  modification  of  the  apparatus  or  strength  of  reagents  could  they  obtain 
greater  yields,  and  if  the  permanganate  solution  were  made  decidedly  stronger, 
these  became  less  satisfactor3^  On  various  occasions  during  the  past  few  years 
we  have  had  occasion  to  test  this  stage  of  the  process  and  have  found  that  al- 
though yields  of  approximately  92  per  cent  are  certain  when  considerable  quan- 
tities of  lactic  acid  are  oxidized  by  means  of  0.01  N  permanganate;  this  is  not 
the  case  when  small  quantities  are  uesd.*     This  is  shown  in  Table  I. 

Table  I 

LACTIC    ACID   USED  LACTIC    ACID   RECOVERED  PERCENTAGE    OF    LACTIC 

(AS   LITHIUM    LACTATE)  (AS    ALDEHYDE)  ACID    RECOVERED 

"  0.191  gms.  0.174  9L1 

0.099  0.0S3  82.9 

0.0706  0.0593  84.0 

0.0202  0.0169  83.6 

On  the  other  hand  when  N/200  to  N/300  permanganate  is  used,  and  care 
is  taken  that  the  fluid  in  the  oxidation  flask  does  not  become  tinted  pink  through- 
out, equally  satisfactory  results  are  obtained  with  very  small  amounts  of  lactic 
acid  (Table  II). 

Table  II 


LACTIC   ACID 

USED 

~ 

LACTIC 

ACID   RECOVERED 

PERCENTAGE    OF    LACTIC 

(AS   LITHIUM    LACTATE^ 

1 

(as 

aldehyde) 

ACID 

RECOVERED 

(GM.) 

(GM) 

(per  cent) 

0.01935 

0.01755 

90.7 

0.0125 

0.0114 

91.2 

0.0127 

0.0112 

88.1 

0.0244 

0.0224 

91.6 

0.0155 

0.0142 

90.1 

0.0155 

0.0142 

90.1 

0.0155 

(after 

solution 

0.0138 

89.3 

stood 

16 

hour; 

s) 

Concerning  the  etlier  extraction  by  the  Dunbar  apparatus,  we  have  found 
that  if  this  is  continued  for  forty-eight  hours  wuth  the  ether  dropping  in  an 
almost  continuous  stream  from  the  condenser,  the  lactic  acid  is  satisfactorily 
extracted.  It  is  important,  however,  to  see  that  a  sufficient  layer  of  ether  forms 
on  the  top  of  the  inner  tube,  so  that  none  of  the  underlying  watery  solution  is 
carried  over  into  the  outer  tube.  Sometimes  large  bubbles  of  ether  vapor  form 
at  the  tip  of  the  delivery  tube  of  the  funnel,  and  by  passing  through  the  solu- 


*The  lithium  lactate  used  in  these  observations  was  prepared  by  saturating  a  solution  of  lactic 
acid  with  zinc  carbonate  (75  gm.  ZnCOa  per  100  gm.  lactic  acid  BP  or  USP)  at  boiling  temperature, 
filtering  and  collecting  the  crys^tals  of  zinc  lactate  on  a  Buchner  funnel.  After  recrystallization,  the 
crystals  were  dissolved  in  water,  the  solution  boiled  and  lithium  carbonate  added  in  small  quantities 
at  a  time  until  a  filtered  portion  of  the  mixture  gave  no  cloudinesss  with  HoS.  The  mixture  was 
then  filtered  and  the  filtrate  concentrated  until  lithium  lactate  began  to  separate  out,  when  it  was 
cooled  and  the  crystals  separated  by  suction  and  dried  in  a  vactium  desiccator.  The  lithium  in  the 
crystals  was  determined  as  LiSO^  by  cautious  incineration  in  a  weighted  crucible,  a  drop  of  H2SO4 
(con.)    being  added   after   most   of   the    organic   matter   had   been   burned   ofif. 


tion  in  the  inner  tube  so  agitate  it  that  some  of  this  is  inevitably  carried  over 
the  edge  of  the  tube.  When  this  happens,  the  perforations  in  the  delivery  tube 
should  be  made  larger.  In  the  following  observations  quantities  of  lithium 
lactate  of  known  strength  were  extracted,  the  ether  evaporated  off  and  the 
residues  then  oxidized  as  above  described. 

Table  III 


LACTIC    ACID 

USED 

liACTIC 

ACID    RECOVERED 

PER    CENT 

TIME 

Cas   LL    LACT.) 

(AS 

aldehyde) 

RECOVERED 

EXTRACTION 

(GM) 

(GM) 

HOURS 

0.0225 

0.0230 

excess 

46 

0.0261 

0.0236 

90.4 

48 

0.0266 

0.0231 

86.7 

96 

0.0406 

0.0370 

91.2 

72 

0.0525 

0.0475 

85.2 

72 

0.0244 

0.0224 

91.6 

46 

0.0237 

0.0194 

81.8 

72 

0.0990 

0.0890 

90. 

55 

Although  more  observations  are  necessary  to  make  it  certain  that  forty- 
eight  hours  is  sufficient  time  for  tolerably  complete  ether  extraction,  we  have 
chosen  this  period  since  we  have  not  found  that  any  greater  yield  of  lactic 
acid  is  obtained  by  longer  extraction. 

The  most  serious  losses  are  incurred  in  the  process  of  evaporation  of  the 
blood  filtrates.  Although  these  are  carefully  kept  at  faintly  acid  reaction,  and 
the  temperature  never  permitted  to  rise  above  40°  C,  some  loss  seems  un- 
avoidable and  unfortunately  one  cannot  be  certain  of  its  exact  magnitude. 
Nor  can  this  error  be  obviated  by  making  the  filtrates  faintly  alkaline,  because 
of  the  sugar  which  they  contain. 

The  following  observations  will  illustrate  the  extent  of  the  losses  due  to 
this  cause,  50  c.c.  of  a  solution  of  lithium  lactate  in  distilled  water  was  allowed 
to  stand  at  room  temperature,  and  at  the  periods  indicated  10  c.c.  portions 
were  oxidized. 

11:20  A.M.  10  c.c.  contained  .0150  gm.  lactic  acid 

2:20  P.M.              "  "  .0142  "         "  " 

4:20  P.M.              "  "          .0142  "         ''  " 

10:00  A.M.              "  "  .0138  "         "  " 

This  observation  was  repeated,  except  that  the  solution  of  lithium  lactate 
was  dissolved  in  N/IO  HCl  with  the  folloAving  results : 

10:20  A.M.  10  c.c.  contained  .0243   gra.  lactic  acid 

3:15  P.M.  ''  "  .0239     "         "         " 

10:00  A.M.  "  "  .0229     "         "        " 

A  distinct  decrease  is  observed  in  the  amount  of  lactic  acid  in  both  cases. 
We  have  not  determined  to  what  extent  this  diminution  in  the  amount  of  re- 
coverable lactic  acid  would  go  after  prolonged  standing  in  acid  solutions,  but 
we  have  frequently  observed  that  solutions  in  distilled  water  show  marked 
deterioration  in  yield  after  standing  some  weeks.  Thus,  3  c.c.  of  a  solution  of 
li.  lact.  made  in  November,  1921,  contained  0.01775  gm.  lactic  acid,  and  in 
Jan.,  1922,  only  0.0120  gm. 


In  view  of  this  deterioration,  the  cause  for  which  we  have  not  investigated, 
we  have  always  used,  for  purposes  of  testing  the  accuracy  of  the  method, 
freshly  prepared  solutions  of  lactate  made  up  from  li.  lactate  kept  in  a  desic- 
cator. 

These  losses  become  still  greater  when  the  solutions  have  to  be  evaporated, 
even  although  the  temperature  may  not  be  allowed  to  rise  above  30°  C. 

Quantities  of  lithium  lactate  were  dissolved  in  about  200  c.c.  distilled 
water  (corresponding  to  the  volume  of  blood  filtrate  usually  employed),  made 
faintly  acid,  evaporated  in  the  air  current  to  a  volume  of  50  c.c,  then  trans- 
ferred to  the  oxidation  flask  and  oxidized  with  permanganate. 

Table  IV 


CONDITION   OF 

AMOUNT   LACTIC 

ACID 

AMOUNT   OF   LACTATE 

percentage 

LACTATE    SOLUTION 

PRESENT   TO   START 

ACID   RECOVERED 

RECOVERED 

(as   LI.   LACTATE) 

(AS   aldehyde) 

Distilled  water 

0.0529 

0.0379 

72 

Distilled  water 

0.0286 

0.0235 

82.2 

Faintly  acid 

0.0276 

0.0223 

81 

Faintly  alkaline 

0.0328 

0.0265 

80.7 

Distilled  water 

0.0300 

0.0236 

79 

Decidedly  acid 

0.0200 

0.0140 

70 

Decidedly  acid 

0.0399 

0.0282 

70.6 

Distilled  water 

0.0397 

0.0181 

83.2 

Faint  acid  with 

phosphate  buffer  0.0278 

0.0247 

88.8 

f^olutiou  of  phos 

iphate 

buffer           0.0155 

0.0121 

84.7 

A  part  of  these  considerable  losses  in  the  evaporation  process  may  be  due 
to  mechanical  causes,  although  we  have  used  every  precaution  to  avoid  this. 
The  employment  of  a  buffer  mixture  of  phosphates  seems  to  minimize  them 
and  we  regret  that  this  precaution  had  not  been  adopted  earlier  in  our  work. 

Realizing  that  with  every  precaution,  and  with  precise  standardization  of 
the  quantities  of  reagents  used,  the  method  is  nevertheless  fraught  with  many 
sources  of  error,  we  have  from  time  to  time  tested  its  degree  of  accuracj^  by 
adding  li.  lactate  to  blood.  This  test  involves  an  estimation  of  the  lactic  acid 
originally  present  in  one  sample  of  blood  and  that  in  another  sample  to  which 
li.  lactate  has  been  added.  Some  of  the  more  recent  results  are  shown  in 
Table  V. 

Table  V 


LACTIC    ACID   PRESENT 

LACTIC   ACID 

LACTIC    ACID 

DIFFERENCE 

PER    CENT   OF 

IN    ORIGINAL 

BLOOD 

ADDED 

RECOVERED 

BETWEEN 

ADDED   LACTIC 

(PER   CENT) 

(PER    CENT) 

(PER   cent) 

1    AND   3 

ACID   PECOVEFED 

1 

2 

3 

4 

74           0.087 

0.031 

0.116 

0.029 

93 

75           0.087 

0.116 

0.186 

0.099 

85.3 

31           0.062 

0.129 

0.175 

0.113 

87.0 
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In  a  previous  paper  it  was  shown  that  a  marked  fall  occurs  in  the 
percentage  of  blood  sugar  in  normal  rabbits  when  they  are  injected 
subcutaneously  with  insulin.  Taken  in  conjunction  with  the  fact  that 
insulin  also  reduces  often  to  the  normal  level,  or  even  below  it,  the 
high  percentages  of  sugar  found  in  the  blood  of  depancreated  dogs  and 
of  diabetic  patients,  it  would  appear  that  its  action  must  be  a  funda- 
mental one  in  the  control  of  the  blood  sugar  level  (1).  The  present 
investigation  was  undertaken  to  obtain  further  evidence  of  the  scope 
of  the  action  of  insulin  by  studying  its  effect  on  the  various  experi- 
mental conditions  that  are  known  to  cause  marked  hyperglycemia 
in  rabbits. 

It  is  unnecessary  to  review  here  the  extensive  literature  which  bears 
on  the  methods  used  to  cause  these  various  forms  of  hyperglycemia. 
We  will  only  refer  to  those  investigations  which  have  a  direct  bearing 
on  our  own  results,  in  connection  with  each  of  the  varieties  which  we 
have  investigated. 

Methods.  The  rabbits  used  were  as  uniform  in  size  and  breed  as 
possible  and  they  were  fed  for  some  days  preceding  the  experiments  an 
abundance  of  oats  and  hay,  sometimes  with  sugar  added.  The  blood 
was  collected  at  frequent  intervals  in  1  cc.  quantities  from  the  ear 
veins  and  the  percentage  of  sugar  determined  in  the  samples  by  the 
Schaffer-Hartman  method.  At  the  termination  of  the  experiments, 
whenever  possible,  the  percentage  of  glycogen  was  determined  in  the 
liver  by  Pfliiger's  method,  using  the  Schaffer-Hartman  method  for  meas- 
urement of  the  reducing  power  of  the  hydrolyzed  solutions.  The 
insulin  used  was  not  always  of  uniform  potency  since  during  the  prog- 
ress of  this  research  we  were  also  engaged  in  working  out  the  most 
suitable  method  for  its  preparation.     As  a  preliminary  to  each  experi- 
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ment  it  was  therefore  the  practice  to  inject  the  preparation  of  insulin 
into  normal  rabbits.  Provided  the  preparation  was  found  to  be  active, 
either  the  same  rabbit  or  another  (normal)  rabbit  was  subjected  to 
one  or  other  of  the  procedures  for  the  production  of  hypergtycemia. 
These  were  piqure,  injection  of  epinephrin,  mechanical  asphj^xia,  car- 
bon monoxide  poisoning  and  ether. 

Results:  Piqure.  In  order  to  be  certain  that  hyperglycemia  will 
result  in  this  experiment  it  is  necessary  to  make  sure  that  the  liver  con- 
tains adequate  amounts  of  glycogen  and  that  the  puncture  is  not  too 
far  above  the  calamus  of  the  medulla  and  is  near  the  midline. 

With  regard  to  the  latter  condition  it  is  our  opinion  that  certainty 
of  correct  puncture  can  best  be  assured  by  reflecting  the  skin  from  the 
occipital  bone  under  local  (ethyl  chloride)  anesthesia  and  then,  with 
the  head  bent  as  far  forward  as  possible,  puncturing  at  the  occipital 
tubercle  in  the  direction  of  the  outer  canthi  of  the  eyes  until  the  point 
of  the  instrument  is  felt  to  come  against  the  basilar  process.  We  have 
found  that  an  ordinary  trochar  is  a  suitable  instrument  to  use.  This 
operation  necessarily  wounds  the  cerebellum  with  the  result  that  after 
it  the  animal  shows  forced  movements.  Usually  also  there  is  a  certain 
amount  of  hemorrhage  into  the  4th  ventricle.  Stewart  and  Rogoff  (2) 
recommend  actual  exposure  of  the  4th  ventricle  by  Eckhard's  method, 
which  involves  separating  the  muscles  lying  over  the  occipito-atlan- 
toid  ligament,  which  is  then  incised.  We  believe  however  that  this 
is  unnecessary  and  that  it  is  an  advantage  to  avoid  it  because  of 
the  danger  of  hemorrhage.  At  the  termination  of  each  experiment 
the  exact  position  of  the  puncture  was  determined  by  post-mortem 
examination. 

The  results  of  piqure  on  three  normal  well-fed  rabbits  were  as  follows: 

1.  Rabbit  II,  16;  weight,  2.3  kilos 

No  normal  blood  sample  taken. 

PiqAre  at  11:25  a.m. 

Blood  at  11:35 — 0.151  per  cent  sugar. 

Blood  at  12:05—0.282  per  cent  sugar. 

Blood  at  12:35 — 0.350  per  cent  sugar. 

Blood  at  2:50 — 0.387  per  cent  sugar. 

Blood  at  3:35 — 0.324  per  cent  sugar. 

Blood  at  4:00—0.280  per  cent  sugar. 

Blood  at  5:00 — 0.170  per  cent  sugar. 

Blood  at  5:45 — 0.161  per  cent  sugar. 

Glycogen  determination  not  made.  Post  mortem  of  the  medulla  showed  two 
punctures  (see  fig.  2),  one  2  mm.  to  the  right  of  the  midline,  3  mm.  above  the 
calamus  scriptorius,  and  the  other  2  mm.  to  the  left,  8  mm.  above  the  calamus. 
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2.  Rabbit  III,  3 

Normal  blood  at  10:15  a.m. — 0.137  per  cent  sugar. 

PiqAre  at  11:00. 

Blood  at  11:30 — 0.305  per  cent  sugar. 

Blood  at  12:05 — 0.420  per  cent  sugar. 

Blood  at  12:50 — 0.457  per  cent  sugar. 

Blood  at  2:20 — 0.386  per  cent  sugar. 

Blood  at  3:20 — 0.244  per  cent  sugar. 

Blood  at  4:25 — 0.187  per  cent  sugar. 

Blood  at  12:30 — 0.170  per  cent  sugar  (next  day). 

Animal  killed  at  12:30  next  day. 

The  liver  at  this  time  showed  a  glycogen  content  of  2 . 0  per  cent.  Post  mortem 
showed  a  puncture  through  the  vermis  of  the  cerebellum  in  the  midline,  and 
through  the  medulla  1  mm.  to  the  left  of  the  midline,  11  mnp.  above  the  calamus. 

S.  Rabbit  IV,  1 ;  weight,  2.15  kilos. 

Normal  blood  at  9:15  a.m. — 0.174  per  cent  sugar. 

Piqure  at  10:45  a.m. 

Blood  at  11:30 — 0.370  per  cent  sugar. 

Blood  at  12:00—0.390  per  cent  sugar. 

Blood  at  1:00 — 0.380  per  cent  sugar. 

Blood  at  2:00 — 0.400  per  cent  sugar  (boiled  too  long,  therefore  too  high). 

Blood  at  4:00 — 0.330  per  cent  sugar. 

Blood  at  4:30 — 0.317  per  cent  sugar. 

Blood  at  8:30—0.203  per  cent  sugar. 

Animal  killed  at  3:30  p.m.  next  day.  Liver  showed  a  glycogen  content  of  0.59 
per  cent.  The  puncture  of  the  m-edulla  was  oblique,  1  mm.  to  the  right  of  the 
midline  and  extending  from  8  to  15  mm.  above  the  calamus  scriptorius. 

These  results  are  given  in  curve  form  (fig.  1)  along  with  two  of 
Stewart  and  Rogoff's  and  the  position  of  the  punctures  is  shown  in 
figure  2.  It  will  be  seen  that  the  rise  in  blood  sugar  follows  the  piqure 
very  rapidly  indeed,  the  maximum  being  reached  in  about  one  hour, 
and  that  the  return  to  normal  is  much  slower  occupying  from  5  to  8 
hours.  The  glycogen  content  of  the  rabbit  showing  the  steepest  curve 
(no.  2)  was  found  to  be  2  per  cent  on  the  day  following  the  experiment. 
It  was  lower,  0.6  per  cent,  in  another  (no.  3)  animal  in  which  the  curve 
was  somewhat  lower.  The  considerable  variability  in  the  position  of 
the  punctures  in  these  three  definitely  positive  cases  of  hyperglycemia 
shows  that  some  latitude  is  permissible. 

Turning  now  to  the  experiments  in  wdiich  the  piqure  was  performed 
on  animals  under  the  influence  of  insulin  very  different  results  are 
evident. 
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4.  Rabbit  IV,  2 

Normal  blood  at  12:50 — 0.123  per  cent  sugar. 

At  3:30,  5  cc.  of  insulin. 

Blood  at  4:30 — 0.083  per  cent  sugar, 

Piqtire  at  4:45. 

Blood  at  5:15 — 0.081  per  cent  sugar. 
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At  5:20  4  cc.  of  insulin. 

Blood  at  6:00—0.064  per  cent  sugar. 

Blood  at  6:30 — 0.093  per  cent  sugar. 

Blood  at  8:13 — 0.045  per  cent  sugar. 

Blood  at  3:00 — 0.124  per  cent  sugar  (next  day). 

At  8:15  the  rabbit  was  in  convulsions  as  described  in  the  previous  paper  and 
dextrose  solution  was  injected  subcutaneously,  resulting  in  rapid  recovery.  The 
rabbit  was  killed  at  3:30  the  next  day,  and  the  liver  showed  only  0.27  per  cent 
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Fig.  2.    Diagram  indicating  the  seat  of  puncture  in  the  floor  of  IV  ventricle. 
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glycogen.  The  medulla  showed  two  punctures,  one  on  the  right  cerebral  pedun- 
cle, 6  mm.  above  the  calamus,  and  the  other  10  mm.  above  in  the  midline  (no.  4  in 
fig.  2). 

5.  Rabbit  IV,  4;  u'eight  1.8  kilos 

Normal  blood  at  9:25 — 0.158  per  cent  sugar. 

At  10:35,  4  cc.  of  insulin. 

Blood  at  11:15 — 0.106  per  cent  sugar. 

Piqure  at  11:30. 

Blood  at  12:00 — 0.177  per  cent  sugar 

At  12:05,  3  cc.  of  insulin. 

Blood  at  12:45 — 0.138  per  cent  sugar 

Blood  at  1:15 — 0.096  per  cent  sugar. 

Blood  at  1:45 — 0.085  per  cent  sugar. 

Blood  at  2:45 — 0.063  per  cent  sugar. 

Animal  killed  at  3:15  p.m.  Liver  contained  4.4  per  cent  glycogen.  Post 
mortem  showed  a  puncture  of  the  medulla  2  mm.  to  the  left  of  the  midline,  10  mm. 
above  the  calamus  (fig.  2,  no.  5). 

6.  Rabbit  VI;  weight,  2.4  kilos 
Normal  blood  at  9:50 — 0.117  per  cent  sugar. 

At  10:00—7  cc.  of  insulin. 
Blood  at  11:00 — 0.075  per  cent  sugar. 
Blood  at  11:45—0.056  per  cent  sugar. 
Piqure  11:50  (2  punctures)  about  5  cc.  of  blood  lost. 
Blood  at  12:35 — 0.068  per  cent  sugar. 
Blood  at  1:10 — 0.062  per  cent  sugar. 
Blood  at  2:40 — 0.052  per  cent  sugar. 
At  3:00 — 3  cc.  of  insulin. 

Blood  at  3:45 — 0.042  per  cent  sugar,  mild  convulsions. 
Blood  at  4:55 — 0.035  per  cent  sugar,  mild  convulsions. 

Animal  killed  at  5:00.  Liver  contained  2.64  per  cent  glycogen.  Puncture 
through  vermis  in  midline,  two  in  floor  of  4th  ventricle  (fig.  2,  no.  6). 

The  punctures  of  the  medulla  in  these  three  cases  were  such  as  to 
insure  hyperglycemia.  The  amounts  of  glycogen  found  present  in  the 
livers  were  entirely  adequate  in  two  cases  (5  and  6)  but  rather  small 
in  one  (4).  In  this  case  the  animal  was  not  killed  until  twenty-two 
hours  after  the  operation,  during  which  time  a  considerable  amount  of 
glj'cogen  may  have  been  hydrolyzed.  In  experiment  4  the  blood  sugar 
during  the  first  four  hours  following  piqure  did  not  rise  above  0.093 
per  cent,  a  figure  considerably  imder  the  normal  level.  In  no.  5,  it 
wiU  be  noted  that  the  sugar  was  not  reduced  to  the  same  extent  as  in 
no.  6,  before  piqure  was  performed;  in  thirty  minutes  it  had  risen  to 
0.177  per  cent  slightly  above  normal,  and  then,  following  another  dose 
of  extract,  fell  off  gradually  to  0.063  per  cent.  (These  results  are  shown 
in  graphic  form  in  fig.  1.) 
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From  these  experiments,  we  may  conclude  that  the  severe  hypergly- 
cemia which  occurs  in  rabbits  whose  livers  are  rich  in  glycogen,  follow- 
ing piqure,  may  be  markedly  reduced,  if  not  entirely  inhibited,  if  the 
operation  is  performed  subsequent  to  the  injection  of  suitable  doses  of 
insulin.  The  experiment,  no.  IV,  2,  in  which  0.27  per  cent  of 
gl^xogen  was  found  in  the  liver,  is  the  only  one  in  which  there  can  be 
any  doubt  as  to  the  inhibiting  action  of  insulin.  It  is  somewhat  similar 
to  one  described  by  Stewart  and  Rogoff  (loc.  cit.)  in  which  no  hyper- 
glycemia occurred  in  a  piqured  rabbit  with  0.34  per  cent  of  glycogen 
in  the  liver.  In  this  case  the  blood  sugar  rose  only  from  0.124  per  cent 
to  0.143  per  cent  following  piqure  and  to  0.151  per  cent  following  as- 
phyxia. In  our  case,  as  a  result  of  insulin,  the  blood  sugar  fell  to  0.045 
per  cent  and  then  recovered  to  0.124  per  cent  by  next  day.  This 
recovery  probably  indicates  that  the  glycogen  had  been  drawn  on  to 
restore  the  blood  sugar  to  its  normal  level.  In  light  of  the  corrobora- 
tive nature  of  the  results  of  other  experiments  on  piqure  we  do  not 
consider  it  necessary  at  the  present  to  add  further  observations. 

Epinephrin  hyperglycemia.  Bang  (3)  found  that  the  subcutaneous 
injection  of  1  mgm.  epinephrin  in  rabbits  caused  the  blood  sugar  to  rise 
to  a  maximum  in  2  to  3  hours  returning  to  the  normal  in  7  to  9  hours. 
The  curve  was  similar  in  starved  and  well-fed  animals  except  that  it 
did  not  begin  to  rise  quite  so  quicklj'^  in  the  former.  Reference  to  other 
investigations  are  given  by  Bang,  the  most  significant  point  being  that 
injection  intravenously  of  the  above  amount  of  epinephrin  causes  only 
a  transient  and  slight  increase  in  blood  sugar. 

In  order  to  satisfy  ourselves  that  marked  hyperglycemia  invariably 
follows  subcutaneous  injection  of  epinephrin  in  rabbits,  the  following 
experiments  were  done  using  solutions  of  adrenalin  chloride. 

1.  Rabbit  IV,  3;  weight  Ho  kilos;  well-Jed 

Normal  blood  at  9:15 — 0.154  per  cent  sugar. 

At  10:20,  2  cc.  adrenalin  chloride  solution  1 — 1000  injected  subcutaneously. 

Blood  at  10:55—0.364  per  cent  sugar. 

Blood  at  11:30 — 0.397  per  cent  sugar. 

Blood  at  12:00—0.440  per  cent  sugar. 

Blood  at  1:00 — 0.440  per  cent  sugar. 

Blood  at  2:05 — 0.410  per  cent  sugar. 

2.  Rabbit  II,  6;  well-Jed 

Normal  blood  at  10:50—0.141  per  cent  sugar. 

At  2:35,  2   cc.  adrenalin   chloride  solution  1—1000  injected  subcutaneously. 

Blood  at  3:10 — 0.34  per  cent  sugar. 
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Blood  at  4:55 — 0.36  per  cent  sugar. 

This  is  the  same  adrenalin  solution  as  used  in  the  insulin  exper.  (Ill,  6). 

3.  Rabbit  III,  2 

Normal  blood  at  9:55 — 0.120  per  cent  sugar. 

At  9:58,  2.0  cc.  adrenalin  chloride  1 — 1000,  subcutaneously. 

Blood  at  10:35 — 0.291  per  cent  sugar. 

Blood  at  11:05 — 0.340  per  cent  sugar. 

Blood  at  11:35 — 0.390  per  cent  sugar. 

Blood  at  12:20 — 0.416  per  cent  sugar. 

Blood  at  1:15 — 0.391  per  cent  sugar. 

Blood  at  2:15 — 0.349  per  cent  sugar. 

Blood  at  3:15 — 0.317  per  cent  sugar. 

J^.  Rabbit  III,  3 

Normal  blood  at  9:35 — 0. 124  per  cent  sugar. 
At  9:47,  1.0  cc.  adrenalin  chloride. 
Blood  at  10:17 — 0.195  per  cent  sugar. 
Blood  at  10:47—0.296  per  cent  sugar. 
Blood  at  11:25 — 0.340  per  cent  sugar. 
Blood  at  12:30—0.369  per  cent  sugar. 
Blood  at  1:30 — 0.364  per  cent  sugar. 
Blood  at  2:30 — 0.354  per  cent  sugar. 

5.  Rabbit  IV ,  6;  iveight  1 .65  kilos;  sugar-fed 

Normal  blood  at  9:50 — 0.117  per  cent  sugar. 

At  9:55,  1.0  cc.  of  adrenalin  chloride  1 — 1000^  injected  subcutaneously. 

Blood  at  10:25 — 0.223  per  cent  sugar. 

Blood  at  10:55 — 0.270  per  cent  sugar. 

Blood  at  11:55 — 0.273  per  cent  sugar. 

Blood  at  1:10 — 0.158  per  cent  sugar. 

To  study  the  influence  of  insulin  on  this  form  of  hyperglycemia,  two 
methods  were  used.  In  the  following  two  experiments  2  cc.  adrenalin 
and  5  cc.  of  insulin  were  injected  at  the  same  time. 

1.  Rabbit  III,  6;  well-Jed 

Normal  blood  at  12:00 — 0.122  per  cent  sugar. 

At  2:45,  5  cc.  of  insulin  and  2.0  cc.  adrenalin  chloride  1 — 1000  were  injected 
subcutaneously. 

Blood  at  3:30 — 0.090  per  cent  sugar. 
Blood  at  4: 15 — 0.132  per  cent  sugar. 
Animal  died  at  5:40  p.m.     No  glycogen  determination  made. 

'  This  is  the  same  adrenalin  solution  as  used  in  the  insulin  experiments  IV,  5 
and  IV,  6. 
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2.  Rabbit  X 

Normal  blood  at  9:50 — 0. 138  per  cent  sugar. 

At  9:56,  4.0  cc.  insulin  +  2  cc.  adrenalin  chloride  1 — 1000. 

Blood  at  10:30— 0.232  per  cent  sugar. 

Blood  at  11:00^ — 0.303  per  cent  sugar. 

Blood  at  11:30 — 0.347  per  cent  sugar. 

Blood  at  12:10 — 0.365  per  cent  sugar. 

Blood  at  1:10 — 0.388  per  cent  sugar. 

Blood  at  2:10 — 0.325  per  cent  sugar. 

Blood  at  3:10—0.233  per  cent  sugar. 

Blood  at  4:10 — 0.165  per  cent  sugar. 

This  insulin  caused  convulsions  in  a  control  animal. 

In  the  following  three  experiments  2  cc.  adrenalin  were  injected  after 
the  hypoglycemic  effect  of  insulin  had  become  evident. 

1.  Rabbit  VH,  weight,  4.25  kilos 

Normal  blood  at  10:15 — 0.127  per  cent  sugar. 

At  10:17,  4  cc.  insulin. 

Blood  at  11:15 — 0.106  per  cent  sugar. 

2  cc.  adrenalin  chloride  1-1000,  subcutaneously. 

Blood  at  11:45 — 0.183  per  cent  sugar. 

Blood  at  12:15 — 0.227  per  cent  sugar. 

Blood  at  12:45 — 0.240  per  cent  sugar. 

Blood  at  1:15 — 0.244  per  cent  sugar. 

Blood  at  1:45 — 0.307  per  cent  sugar. 

Blood  at  2:15 — 0.324  per  cent  sugar. 

Blood  at  2:45 — 0.304  per  cent  sugar. 

Blood  at  3:45 — 0.235  per  cent  sugar. 

Blood  at  4:45 — 0.147  per  cent  sugar. 

Blood  at  6:30 — 0.115  per  cent  sugar. 

2.  Rabbit  VIIl 

Normal  blood  at  11:00 — 0.122  per  cent  sugar. 
At  12:15,  2.0  cc.  insulin. 
Blood  at  2:15—0.095  per  cent  sugar. 
Blood  at  4:00 — 0.067  per  cent  sugar. 
Blood  at  4:30 — 0.065  per  cent  sugar. 
At  4:35,  2.0  cc.  adrenalin  chloride. 
Blood  at  5:05 — 0.136  per  cent  sugar. 
Blood  at  6:00—0.182  per  cent  sugar. 
Blood  at  6:55 — 0.269  per  cent  sugar. 
Blood  at  7:25 — 0.321  per  cent  sugar. 

S.  Rabbit  IX 

Normal  blood  at  11:00 — 0.125  per  cent  sugar;  2.0  cc.  insulin. 
Blood  at  2:15^ — 0.085  per  cent  sugar. 
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Blood  at  4:00 — 0.069  per  cent  sugar. 
Blood  at  4:30 — O.OGS  per  cent  sugar. 
At  4:35,  2.0  cc.  adrenalin  chloride. 
Blood  at  5:10— 0.110. 
Could  not  obtain  blood. 

In  the  following  five  experiments  1  cc.  adrenalin  was  injected  after  the 
hypoglycemic  effect  of  insulin  had  become  evident. 

1.  Rabbit  XII 

Normal  blood  at  9:05 — 0.105  per  cent  sugar. 
At  9:10,  2.0  cc.  insulin. 
Blood  at  11:15 — 0.083  per  cent  sugar. 
Blood  at  12:15 — 0.050  per  cent  sugar. 
1.0  cc.  adrenalin  chloride  1-1000. 
Blood  at  1:15 — 0.054  per  cent  sugar. 
Blood  at  2:15 — 0.090  per  cent  sugar. 
Blood  at  3:20—0.090  per  cent  sugar. 
Blood  at  4:15 — 0.090  per  cent  sugar. 
Glycogen  W3  =  2.26  per  cent. 

2.  Rabbit  XIII 

Normal  blood  at  9:25 — 0.100  per  cent  sugar. 
At  9:30,  2.0  cc.  insulin. 
Blood  at  11:25 — 0.066  per  cent  sugar. 
Blood  at  1:10 — 0.074  per  cent  sugar. 
1.0  cc.  adrenalin  chloride  1-1000. 
Blood  c.t  2:10— 0.120  per  cent  sugar. 
Blood  at  3:15 — 0.131  per  cent  sugar. 
Blood  at  4:10 — 0.127  per  cent  sugar. 
Glycogen  B3  =  1.80  per  cent. 

S.  Rabbit  XIV 

Normal  blood  at  10:10 — 0.130  per  cent  sugar. 
At  10:12,  3  cc.  insulin. 
Blood  at  12:10—0.099  per  cent  sugar. 
Blood  at  1:25 — 0.092  per  cent  sugar. 
1  cc.  adrenalin  subcutaneously. 
Blood  at  2:25 — 0.250  per  cent  sugar. 
Blood  at  3:25 — 0.265  per  cent  sugar. 
Blood  at  4:25 — 0.248  per  cent  sugar. 

4.  Rabbit  IV,  7;  well-fed 

No  normal  blood  sample  obtained. 

At  5:00,  10  cc.  of  insulin  injected  subcutaneously. 

Blood  at  6:00 — 0.042  per  cent  sugar  (rabbit  in  convulsions). 

At  6:15,  1.0  cc.  adrenalin  chloride  1-1000  subcutaneously. 

Blood  at  7:20—0.030  per  cent  sugar. 
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Blood  at  8:05 — 0.035  per  cent  sugar. 

Blood  at  8:55 — 0.060  per  cent  sugar. 

Blood  at  10:45 — 0.056  per  cent  sugar  (taken  from  heart). 

Animal  killed  at  10:45.  Liver  contained  0.77  per  cent  of  glycogen.  Through- 
out this  experiment  the  animal  was  subject  to  convulsions  of  from  one  to  two 
minutes  duration  at  about  fifteen-minute  intervals,  between  which  its  condition 
seemed  to  be  considerably  improved. 

5,  Rabbit  XI 

Normal  blood  at  9:00 — 0.111  per  cent  sugar. 

At  9:30,  4.0  cc.  insulin  subcutaneously. 

Blood  at  11:35—0.090  per  cent  sugar. 

At  11:40 — 1  cc.  adrenalin  chloride. 

Blood  at  12:30—0.166  per  cent  sugar. 

Blood  at  11:40 — 0.180  per  cent  sugar  | 

Blood  at    1:30 — 0.188  per  cent  sugar  ^Obtaine^  from  heart. 

Blood  at   2:30 — 0.176  per  cent  sugar  J 

It  is  clear  that  insulin  is  capable  of  greatly  reducing  the  hyperglyce- 
mia caused  by  epinephrin,  provided  the  latter  be  not  given  in  massive 
doses.  Out  of  a  total  of  five  experiments  in  which  1  cc.  adrenahn  chlo- 
ride was  injected  after  the  hypoglycemic  effect  of  insulin  had  become 
evident,  the  blood  sugar  did  not  rise  above  0.130  per  cent  in  three,  in 
one  it  rose  to  0.190  and  in  another  to  0.265.  In  the  two  last  mentioned 
cases  however  the  insulin  used  was  evidently  extremely  weak,  the  blood 
sugar  being  only  reduced  to  about  0.09  per  cent  prior  to  the  injection  of 
adrenalin,  thus  contrasting  with  the  marked  reduction  in  the  other  cases. 
In  the  three  experiments  in  which  2  cc.  adrenahn  were  injected  follow- 
ing insulin  a  decided  hypoglycemic  effect  remained  in  one,  but  distinct 
increase  in  blood  sugar  occurred  in  the  other  two.  In  two  experiments 
in  which  2  cc.  adrenalin  were  injected  at  the  same  time  as  insulin,  a 
marked  hyperglycemia  developed  in  the  one  but  not  in  the  other. 
Taking  these  results  as  a  whole  it  is  plain  tliat  much  more  work  must 
be  done  before  it  can  be  told  to  what  extent  insuhn  can  antidote  the 
adrenalin  effect.  We  are  hopeful  that  it  may  be  possible  to  determine 
the  dosage  of  insulin  in  terms  of  the  amount  capable  of  antidoting  the 
effect  of  a  standard  dose  of  adrenalin.  These  results  are  given  in  curve 
form  in  jBgures  3  and  3a. 

Asphyxial  hyperglycemia.  There  is  no  more  certain  means  for 
causing  a  marked  degree  of  hyperglycemia  than  asphyxia  brought  about 
by  constriction  of  the  upper  air  passages.  In  rabbits  the  most  practical 
way  for  doing  this  is  by  placing  a  piece  of  water-proof  material  over  the 
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snout  and  holding  it  there  until  the  heart  rate  becomes  definitely  slowed. 
The  animal  is  then  allowed  to  breathe  freely  for  a  few  breaths  when  it 
is  again  asphyxiated.  This  procedure  is  kept  up  for  twenty  minutes. 
With  so  many  observations  of    this  type  on  record  (of.  Stewart  and 


if  J. 
Gn/ioiE. 

Pan  cc 

3.i 

ADRENALIM 
1   e.e. 

/ 

\ 

,^ 

A— 

-\ 

}.^ 

\ 

/ 

\ 

^ 

\ 

A 

\ 

A 

y 

\ 

\ 

3.0 
2.f 

/ 

/ 

\ 

\ 

\ 

/ 

1 

\ 

\ 

ill 

V 

\ 

\ 

2M 
27 

■ 

A 

1) 

r^ 

\ 

ZK 

In\ 

IH 

Vjn 

z 

1 

// 

\ 

\ 

1 

/ 

\ 

\ 

\, 

/■i 

1 

'/ 

\ 

\ 

s 

> 

if 

K 

"^ 

v; 

Hi 

iuu 

<J 

\ 

11 

ir^ 

Bm 

t-^ 

..- 

... 

.._ 

■ 

._.. 

-— H 

1 

-i^^ 

. 

^-T 

--.^ 

"~  * 

I 

-- 

s. 

\ 

fc^ 

^ 

/ 

m 

mm 

IN 

of 

\ 

V 

/ 

/ 

,^ 

^sl 

msuu 

V 

N 

'v 

^1 

"-' 

/ 

/ 

^ 

. 

T£7 

XrtSS, 

itj 

02 

-^ 

--» 

i 

,o             '80              »20              io      30      ' 

'"     3o     60     9a    /2 

o    /fo    lie    »ia    Zfo   3-fo    3oe    il6   3i,o 

Tirte  ini  r^/z^i/res 

Fig.  3a 

Rogoff,  and  Macleod)  it  was  not  considered  necessary  to  perform  more 
than  one  control  experiment  of  which  the  following  is  the  result. 

1.  Rabbit  IV,  3;  weight  2.3  kilos;  well-fed 

Normal  blood  at  9:50 — 0. 140  per  cent  sugar. 
Mechanical  asphyxia  from  9:55-10:20. 
Blood  at  10:23—0.383  per  cent  sugar. 
Blood  at  10:55 — 0.376  per  cent  sugar. 
Blood  at  11:25 — 0.370  per  cent  sugar. 
Blood  at  11:55 — 0.222  per  cent  sugar. 
Blood  at  12:25—0.200  per  cent  sugar. 
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Three  experiments  were  then  performed  on  well-fed  rabbite  which 
were  asphyxiated  for  twenty  minutes  following  the  injection  of  insulin. 

2.  Rabbit  IV,  4.'  weight  2.05  kilos 

Normal  blood  at  9:50 — 0.124  per  cent  sugar. 

At  10:00,  3  cc.  insulin  injected  subcutaneously. 

Blood  at  11:00 — 0.077  per  cent  sugar. 

At  2:00,  3.0  cc.  insulin  (same)  subcutaneously. 

Blood  at  2:20 — 0.045  per  cent  sugar  (animal  hyperexcitable) . 

Mechanical  asphyxia  from  2:22-2:40. 

Blood  at  2:45 — 0.159  per  cent  sugar. 

Blood  at  3:15 — 0.075  per  cent  sugar. 

Blood  at  3:45 — 0.046  per  cent  sugar. 

Animal  was  asphyxiated  again,  and  died  during  the  operation. 

Blood  at  4:15 — 0.144  per  cent  sugar  obtained  from  the  heart  after  death. 

Liver  contained  2.04  per  cent  glycogen. 

3.  Rabbit  IV,  9;  weight,  2.3  kilos;  sugar-fed 

Normal  blood  at  10:00 — 0.117  per  cent  sugar. 

At  10:05,  4.5  cc.  insulin  injected  subcutaneously. 

Blood  at  11:45 — 0.083  per  cent  sugar. 

At  12:40,  4.0  cc.  insulin  subcutaneously. 

Blood  at  2:00—0.079  per  cent  sugar. 

At  2:55,  12.0  cc.  insulin  (same)  subcutaneously. 

At  3:10  the  animal  was  in  convulsions;  it  was  asphyxiated  from  3:15  to  3:35. 

Blood  at  3:40 — 0.075  per  cent  sugar;  animal  hopping  about. 

Blood  at  4:20 — 0.090  per  cent  sugar. 

Blood  at  4:50 — 0.035  per  cent  sugar;  animal  in  convulsions. 

Mechanical  asphyxia  again  from  4: 55-5: 15,  animal  seemed  to  be  considerably 
recovered. 

Blood  at  5:20 — 0.077  per  cent  sugar. 

Blood  at  5:55 — 0.039  per  cent  sugar. 

At  6:10  animal  was  in  violent  convulsions.  Killed  at  6:15.  Blood  from  the 
heart  at  6:15—0.062  per  cent  sugar.     Glycogen  in  the  liver,  2.69  per  cent. 

4.  Rabbit  IV,  10;  weight  2.65  kilos;  sugar-Jed 

Normal  blood  at  9:40—0.139  per  cent  sugar. 

At  9:41,5.0  cc.  of  insulin  subcutaneously. 

Blood  at  10:25 — 0.075  per  cent  sugar. 

Blood  at  11:15 — 0.062  per  cent  sugar. 

At  11:25,  6.0  cc.  of  insulin  subcutaneously. 

Mechanical  asphyxia  from  11:30 — 11:50. 

Blood  at  11:50 — 0.075  per  cent  sugar. 

Blood  at  12:20—0.064  per  cent  sugar. 

Blood  at  12:50 — 0.056  per  cent  sugar. 

Animal  killed  at  1:00.     Liver  contained  5.3  per  cent  glycogen. 
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These  results  are  shown  in  curve  form  in  figure  4  and  it  will  be  seen 
that  insulin  had  the  effect  either  of  preventing  entirely  any  asphyxial 
rise  in  blood  sugar  or  of  greatly  reducing  the  rise  which  usually  occurs. 
In  Experiment  IV,  4,  the  sugar  rose  from  0.045  to  0.159  per  cent  during 
a  twenty-minute  asphyxial  period,  an  increase  of  0.114  per  cent  as  com- 
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Fig.  4 

pared  with  0.243  per  cent  in  the  control  experiment  (no.  IV,  3)  but  it 
will  be  observed  this  rise  was  of  a  very  temporary  nature,  the  percen- 
tage returning  to  its  pre-asphyxial  level  in  one  hour.  A  similar  sharp 
return  to  the  pre-asphyxial  level  is  also  to  be  observed  in  the  second 
period  of  asphyxia  in  experiment  IV,  9. 

Carbon  monoxide  'poisoning.     In  order  to  study  the  effect  of  a  less 
acute  form  of  asphyxia  than  the  foregoing  we  have  also  investigated 
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carbon  monoxide  poisoning.  The  method  was  to  place  the  animal  in 
an  air-tight  box  just  large  enough  to  contain  it  comfortably,  and  pro- 
vided with  an  observation  window.  A  mixture  of  air  and  illuminating 
gas  was  then  allowed  to  circulate  slowly  through  the  box  at  the  rate 
of  0.6  liter  per  minute.  This  mixture  contained  0.8  per  cent  carbon 
monoxide  by  calculation.  It  was  probably  considerably  less  than  this 
since  Haggard  and  Henderson  found  that  0.4  per  cent  was  sufficient. 
In  the  0.8  per  cent  atmosphere  hyperpnea  developed  earlj^  and  in 
forty-five  minutes  the  animal  was  in  a  semi-conscious  condition  and  was 
removed  from  the  box.  It  was  then  unable  for  several  minutes  to  stand 
on  its  feet  and  some  time  elapsed  before  the  hyperpnea  disappeared. 
Four  of  the  five  experiments  performed  were  carried  out  on  two  well- 
fed  rabbits,  each  of  which  was  first  subjected  to  forty-five  minutes' 
gassing,  and  then  in  a  week's  time,  underwent  a  second  period  of  gassing, 
after  being  given  insulin.  The  fifth  experiment  is  an  additional  control 
performed  on  a  normal  rabbit.  The  results  of  the  five  experiments 
are  as  follows: 

1.  (a)  Rabbit  III,  10;  weight,  2.2  kilos;  xvell-fed 

Normal  blood  at  2:30 — 0.149  per  cent  sugar. 

Gassed  from  2:30-3:18,  0.8  per  cent  CO  (by  calculation'). 

Blood  at  3:19 — 0.245  per  cent  sugar. 

Blood  at  3:49 — 0.334  per  cent  sugar. 

Blood  at  4:19 — 0.347  per  cent  sugar. 

B/lood  at  4:49 — 0.320  per  cent  sugar. 

Respirations  at  3:20 — 240  per  minute 

Respirations  at  3:45 — 250  per  minute. 

Respirations  at  4:30 — 190  per  minute. 

(6)  Same  animal  seven  days  later 

Normal  blood  at  10:00 — 0.125  per  cent  sugar. 

At  10:05,  3.0  cc.  of  insulin,  subcutaneously. 

Blood  at  10:40 — 0.089  per  cent  sugar. 

At  10:45,  5.0  cc.  insulin,  subcutaneously. 

Gassed  from  10:52-11:37,  0.8  per  cent  CO. 

Blood  at  11:40 — 0.081  per  ofent  sugar. 

Blood  at  12:10 — 0.083  per  cent  sugar. 

At  12:15,  2.5  cc.  insulin  subcutaneouslj-. 

Blood  at  12:40—0.070  per  cent  sugar. 

Blood  at  1:10 — 0.060  per  cent  sugar. 

Blood  at  2:30 — 0.070  per  cent  sugar. 

Blood  at  3:30 — 0.062  per  cent  sugar. 

Animal  was  in  very  weak  condition  when  removed  from  the  chamber. 
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^.  (a)  Rabbit  III,  11;  iceight  2.4  kilos;  well-fed 

Normal  blood  at  1:30 — 0.137  per  cent  sugar. 
Gassed  from  1:37-2:02  (only  twenty-five  minutes). 
Blood  at  2:03—0.211  per  cent  sugar. 
Blood  at  2:3.3 — 0.219  per  cent  sugar. 
Blood  at  3:03—0.203  per  cent  sugar. 
Blood  at  3:33 — 0.171  per  cent  sugar. 
Blood  at  9:30 — 0.136  per  cent  sugar  (next  day).. 

Animal  removed  in  twenty-five  minutes  because  it  seemed  to  be  in  an  uncon- 
scious condition, 

(b)  Same  rabbit  three  days  later 
Normal  blood  at  2:45 — 0. 135  per  cent  sugar. 
At  2:50,  5.0  cc.  insulin  subcutaneously. 
Gassed  3:02-3:46,  0.8  per  cent  CO  (by^calculation). 
Blood  at  3:46 — 0.143  per  cent  sugar. 
Blood  at  4: 16 — 0.150  per  cent  sugar. 
Blood  at  4:46 — 0.127  per  cent  sugar. 
Blood  at  5:16 — 0.095  per  cent  sugar. 
Animal  was  in  a  very  weak  condition  when  removed  from  the  chamber. 

3.  Rabbit  III,  12;  weight,  2.3  kilos 

Normal  blood  at  9:40^0.119  per  cent  sugar. 

Gassed  from  9:45-10:29,  0.8  per  cent  CO. 

Blood  at  10:30—0.286  per  cent  sugar. 

Blood  at  11:00 — 0.257  per  cent  sugar. 

Blood  at  11:30 — 0.145  per  cent  sugar. 

Blood  at  12:00—0.129  per  cent  sugar. 

Animal  seemed  to  recover  rapidly  after  removal  from  the  chamber. 

In  experiment  1  (b)  the  results  are  very  striking;  the  blood  sugar 
immediately  after  the  animal  was  removed  from  the  chamber,  was 
slightly  lower  than  when  the  animal  was  inserted  forty-four  minutes 
before.  The  same  rabbit  seven  days  previously  had  responded  to  the 
same  period  of  gassing,  without  the  injection  of  insulin,  by  a  rise  in 
blood  sugar  to  as  high  as  0.347  per  cent.  In  experiment  2  (b)  the  sugar 
rose  very  shghtly  (from  0.135  to  0.150  per  cent)  when  subjected  to 
carbon  monoxide  after  administration  of  insulin,  but  in  this  case,  the 
insulin  was  given  only  twelve  minutes  before  the  animal  was  placed 
in  the  chamber,  so  that  the  full  force  of  its  reducing  powers  might  not 
have  come  into  effect.  In  the  control  experiment,  performed  previously 
on  the  same  rabbit,  the  blood  sugar  rose  to  0.22  per  cent  after  onty 
twenty-five  minutes  of  carbon  monoxide. 

No  glycogen  determinations  were  made  on  the  livers  of  these  animals, 
but  it  is  evident,  from  the  initial  hyperglycemia  following  carbon 
monoxide,  that  an  ample  amount  of  this  material  was  present,  and  the 


576 


BANTING,    BEST,    COLLIP,    MACLEOD    AND   NOBLE 


animals  were  fed  until  the  second  experiment,  on  the  same  carbohy- 
drate-rich diet. 

These  results  are  also  shown  in  curve  form  in  figure  5  and  they  indi- 
cate that  insulin  prevents,  or  at  least  greatly  depresses,  the  hyper- 
glycemia which  follows  the  administration  of  carbon  monoxide  to  well- 
fed  rabbits. 
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Fig.  5 

Etlier  hyperglycemia.  It  is  well  known  that  the  percentage  of  blood 
sugar  rises  during  ether  anesthesia.  In  rabbits  the  degree  of  this 
hyperglycemia,  according  to  Fujii,  is  proportional  to  the  intensity  of 
the  etherization.  Of  course  it  is  impossible  to  be  certain  that  the  ani- 
mals used  in  a  series  of  experiments  such  as  this,  are  all  etherized  to 
the  same  degree,  but  nevertheless,  even  under  very  light  anesthesia,  a 
certain  degree  of  hyperglycemia  always  develops,  provided  of  course 
the  liver  contains  an  ample  supply  of  gtycogen.  The  following  experi- 
ments illustrate  the  changes  in  blood  sugar  following  ether  administra- 
tions to  normal  well-fed  rabbits. 
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1.  Rabbit  IV,  7;  weight,  1.75  kilos 

Normal  blood  at  12:00 — 0.147  per  cent  sugar. 
Ether  commenced  at  12:15. 
Blood  at  12:50 — 0.45  per  cent  sugar. 
Blood  at  1:25 — 0.50  per  cent  sugar. 

2.  Rabbit  II,    14a 

No  normal  sample  of  blood  was  examined. 

Ether  commenced  at  10:15,  continuous  to  1:15. 

Blood  at  10:30 — 0.220  per  cent  sugar. 

Blood  at  11:30 — 0.355  per  cent  sugar. 

Blood  at  12:30 — 0.381  per  cent  sugar. 

Blood  at  1:15 — 0.459  per  cent  sugar,  obtained  from  the  heart. 

Animal  died  1.15. 

3.  Rabbit  II,  Ub 

No  normal  sample  of  blood  was  examined. 
Ether  commenced  at  10:35,  continuous  to  5:00. 
Blood  at  10:50 — 0.201  per  cent  sugar. 
Blood  at  11:50^0.305  per  cent  sugar. 
Blood  at  12:50 — 0.415  per  cent  sugar. 
Blood  at  1:50 — 0.447  per  cent  sugar. 
Blood  at  2:50 — 0.435  per  cent  sugar. 
Blood  at  3:50—0.440  per  cent  sugar. 
Blood  at  4:50 — 0.461  per  cent  sugar. 
Animal  died  at  5:00. 

From  these  results,  which  are  also  plotted  in  curves,  figure  5,  we  see 
that  the  rise  in  blood  sugar  is  rapid,  and  that  it  persists  as  long  as  the 
etherization :  in  each  case  until  the  death  of  the  animal.  Turning  now 
to  the  experunents,  in  which  ether  was  administered  after  injecting  the 
animal  with  insulin,  the  following  results  were  obtained: 

Rabbit  IV,  10;  weight,  2.7  kilos;  sugar-fed 

Normal  blood  at  9:50 — 0.095  per  cent  sugar. 

At  10:00,  7.0  cc.  of  insulin,  subcutaneously. 

Blood  at  10:45 — 0.073  per  cent  sugar. 

At  11:45,  5.0  cc.  of  insulin,  subcutaneously. 

Blood  at  1:25 — 0.057  per  cent  sugar. 

Blood  at  2:30—0.052  per  cent  sugar. 

At  2:35,  5.0  cc.  of  insulin,  subcutaneously. 

At  2:40  ether  commenced,  continuous  to  4:25. 

Blood  at  3: 10 — 0.065  per  cent  sugar. 

Blood  at  3:40 — 0.060  per  cent  sugar. 

Blood  at  4:10 — 0.071  per  cent  sugar. 

Animal  died  at  4:25.    Liver  contained  3.91  per  cent  glycogen. 
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Rabbit  IV,  8;  weight  2.5  kilos 

Normal  blood  at  11:00— 0. 127  per  cent  sugar. 

At  11:15,  10.0  cc.  of  insulin,  subcutaneously. 

Blood  at  2:00—0.037  per  cent  sugar. 

Ether  commenced  at  3:00,  continuous  to  6:00. 

At  3:01,  10.0  cc.  of  insulin,  subcutaneously. 

Blood  at  3:45—0.095  per  cent  sugar. 

Blood  at  4:30 — 0.081  per  cent  sugar. 

Blood  at  5:30—0.045  per  cent  sugar. 

Blood  at  6:05 — 0.035  per  cent  sugar  obtained  from  heart. 

Animal  killed  6:00.    Liver  contained  2.8  per  cent  glycogen. 

These  results  are  also  given  in  curve  form,  figure  6,  and  they  show  that 
even  with  considerable  amounts  of  glycogen  in  the  liver  there  was  only 
a  slight  and  transient  increase  in  the  percentage  of  blood  sugar  while  the 
animal  was  under  ether. 

In  another  case,  insulin  was  not  given  until  some  time  after  the  animal 
had  been  lightly  under  ether,  with  the  following  results: 

Rabbit  IV,  6;  weight,  1 . 85  kilos;  sugar-fed 

Normal  blood  at  1:30 — 0.114  per  cent  sugar. 

Ether  commenced  at  1:45  p.m.,  continuous  to  5:15  p.m. 

Blood  at  2:15 — 0.142  per  cent  sugar. 

Blood  at  2:45 — 0.150  per  cent  sugar. 

At  2:50,  10.0  cc.  of  insulin,  subcutaneously. 

Blood  at  3:20— 0. 120  per  cent  sugar. 

Blood  at  3:50 — 0.082  per  cent  sugai. 

Blood  at  4:40 — 0.060  per  cent  sugai. 

Blood  at  5:10 — 0.047  per  cent  sugar. 

Animal  killed  at  5:15.    Liver  contained  0.77  per  cent  glycogen. 

The  degree  of  hyperglycemia  in  this  experiment  is  somewhat  less 
striking  possibly  because  of  the  relatively  low  glycogen  content  of  the 
liver.     The  effect  of  insulin  is  however  quite  definite. 

The  effect  of  insulin  in  inhibiting  the  hypergl,ycomia  of  ether  an- 
esthesia is  of  importance  from  both  experimental  and  clinical  stand- 
points. From  the  former  because  it  offers  greater  opportunities  for 
the  experimental  investigation  of  the  exact  mechanism  of  the  physio- 
logical action  of  insulin  and  from  the  latter,  because  it  offers  a  means  by 
which  hyperglycemia  may  be  controlled  when  surgical  anesthesia  is 
necessary  in  diabetic  patients. 

Discussion.  Considering  these  results  as  a  whole  there  can  be  no 
doubt  that  insulin  in  suitable  dosage  more  or  less  inhibits  the  develop- 
ment of  hyperglycemia  in  rabbits  subjected  to  various  conditions  which 
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otherwise  cause  it.  The  degree  of  this  inhibition  is  usually  sufficient 
entirely  to  mask  any  rise  in  blood  sugar  but  sometimes  a  rise  occurs  to 
a  certain  extent.     This  rise  may  be  quite  marked  when  the  insulin  is 

Ciucose 
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Fig.  6 

injected  at  the  same  time  as  the  application  of  the  stimulus  used  to  cause 
hyperglycemia,  as  is  especially  evident  when  this  is  epinephrin.  In 
the  latter  case,  indeed,  the  degree  of  hyperglycemia  may  be  as  great  as 
the  usual  when  the  injections  of  epinephrin  and  insulin  are  made  simul- 
taneously.    This  would  seem  to  indicate  that  there  is  a  considerable 
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latent  period  before  insulin  unfolds  its  full  action,  a  conclusion  which  is 
borne  out  by  the  preliminary  observations  which  we  have  made  on  the 
behavior  of  the  respiratory  quotient  following  insulin.  During  this 
preliminary  stage  a  powerful  hyperglycemia-producing  stimulus  like 
epinephiin  can  apparently  ahnost  annul  the  effect  of  insulin.  Further 
work  on  this  aspect  of  the  problem  is  in  progress. 

That  insulin  acts  not  only  in  the  experimental  forms  of  hyperglycemia 
discussed  in  this  paper  but  also  in  that  following  pancreatectomy  and 
in  diabetes  in  man  indicates  that  its  action  on  carbohydrate  metabolism 
is  fundamental.  Its  effect  on  blood  sugar  is  just  as  striking  in  a  pan- 
creatic diabetic  animal  with  only  a  trace  of  glycogen  in  the  liver  as  on 
a  normal  one  whose  liver  is  loaded  with  this  material.  In  the  former 
case  insulin  also  influences  the  excretion  of  ketone  bodies,  the  mobiliza- 
tion of  fat  and  the  respiratory  quotient,  which  must  be  interpreted  as 
meaning  that  it  is  essential  in  the  regulation  of  the  series  of  intermediary 
metabolic  changes  that  culminate  in  the  complete  utilization  of  both 
fat  and  carbohydrate.  By  more  intensive  investigations  of  the  metabo- 
lism of  pancreatic  diabetic  animals  treated  with  insulin  it  is  therefore  to 
be  hoped  that  some  light  may  be  thrown  on  the  problem  of  ketogenesis. 

Concerning  the  modus  operandi  of  insulin  in  preventing  the  purely 
experimental  form  of  hyperglycemia,  we  have  no  hypothesis  to  offer. 
Before  any  such  is  attempted  it  will  be  necessary  to  obtain  precise  data 
on  the  amounts  of  glycogen  in  the  liver  and  muscles  before  and  diu-ing 
and  after  insulin  action.  Only  then  can  it  be  known  whether  insulin 
actually  stimulates  glycogenesis  to  the  extent  that  it  takes  glucose  away 
from  the  systemic  blood. 

CONCLUSIONS 

1.  When  the  fall  in  blood  sugar  due  to  subcutaneous  injection  of 
insulin  is  thoroughly  established,  piqure,  epinephrin,  mechanical  and 
carbon  monoxide  asphyxia  and  ether  do  not  cause  the  usual  degree  of 
hyperglycemia.  There  may  be  a  distinct  increase  in  the  percentage  of 
blood  sugar  but  very  seldom  is  this  sufficient  to  raise  it  to  the  normal 
level  existing  before  insulin  was  given. 

2.  Even  when  the  insulin  is  given  at  the  same  time  as  the  anunal  is 
subjected  to  the  experimental  condition  used  to  cause  hyperglycemia, 
the  latter  may  be  either  entu'ely  absent  or  greatly  diminished. 
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THE  SOURCE  OF  INSULIN. 

A   STUDY  OF  THE   EFFECT  PRODUCED   ON   BLOOD    SUGAR   BY   EXTRACTS 
OF  THE  PANCREAS  AND  PRINCIPAL  ISLETS  OF  FISHES. 

By  J.  J.  R.  MACLEOD 

University  of  Toronto. 
{From  the  Atlantic  Station  of  the  Biological  Board  of  Canada) 

The  hypothesis  that  it  is  to  an  internal  secretion  of  the  islets 
of  Langerhans  that  the  pancr.eas  owes  its  well-known  relation- 
ship to  carbohydrate  metabolism  is  not  supported  by  any  proof 
of  a  direct  nature.  The  frequent  occurrence  of  pathological 
changes  in  the  cells  of  the  islets  in  diabetes,  the  fact  that  ex- 
perimental ligation  of  the  pancreatic  ducts  is  not  followed 
by  diabetes  although  it  causes  the  zymogenous  cells  to 
degenerate  to  a  much  greater  extent  than  the  insular,  and  the 
recent  discovery  in  the  writer's  laboratory  by  Banting  and 
Best-  that  extracts  of  degenerated  pancreas  have  the  power 
to  lower  the  blood  sugar  in  diabetic  animals,  furnish  the  main 
indirect  evidence  in  support  of  the  hypothesis.  The  anatomic- 
al evidence  is  conflicting.  Laguesse\  H.  H.  Dale*  and  Swale 
Vincent  and  Thompson^  without  denying  the  possibility  that 
the  islets  may  furnish  an  internal  secretion,  have  maintained 
that  the  islet  cells  are  closely  related  to  the  zymogenous,  that 
anatomical  continuity  can  often  be  seen  between  them  and 
that  under  certain  conditions  transition  forms  of  cells  are 
common  in  the  pancreas  throughout  the  vertebrates.  R.  R. 
Bensley\  however,  taking  advantage  of  the  more  modern  mi- 
crochemical  methods  of  staining,  particularly  the  method  of 
Lane*',  showed  that  the  authors  referred  to  had  not  properly 
distinguished  between  islet  and  zymogenous  cells  and  that 
when  this  is  done,  by  the  demonstration  in  the  former  of  Lane's 
alpha  and  beta  granules,  no  transformation  of  the  one  kind 
of  cell  into  the  other  can  be  demonstrated  under  the  condi- 
tions described  by  Dale  and  by  Vincent  and  Thompson. 


NOTE:   The  expenses  of  this   investigation   were   in   part   defrayed   by   a   grant   from   the 
Carnegie  Corporation. 
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Bensley's  view  is  very  strongly  supported  by  the  important 
work  of  Rennie^  who  discovered  that  the  islet  tissue  in  the  bony 
fishes  (Teleostei)  is  collected  into  nodules  which  are  often 
encapsulated  and  are  thereby  separated  from  the  zymogenous 
tissue.  The  latter,  in  these  fishes,  occurs  as  narrow  bands 
spread  out  in  the  mesentery  most  abundantly  along  the 
branches  of  the  portal  vein,  and  near  the  pyloric  caeca.  In- 
asmuch as  Rennie's  work  was  done  before  the  introduction 
of  the  more  modern  methods  of  microchemical  staining,  there 
is  at  present,  however,  no  irrefutable  evidence  that  the  cells 
of  the  principal  islets  which  he  discovered  are  really  homo- 
logous with  those  of  the  islets  of  Langerhans  in  the  mammal- 
ian pancreas. 

In  connection  with  the  present  investigation  and  in  relation- 
ship to  Rennie's  discoveries  it  is  important  also  to  note  that 
in  the  cartilaginous  fishes  (Elasmobranchi)  the  islets  and  the 
zymogenous  tissues  have  the  same  general  relationships  as 
in  the  higher  vertebrates,  the  former  being  scattered  in  the 
compact  pancreas  which  is  situated  near  the  duodenum.  Swale 
Vincent  and  Thompson  have  found  that  the  islet  tissue  in  these 
fishes  is  in  intimate  relation  with  the  duct  epithelium*. 

It  is  evident  that  if  Rennie's  suposition  is  correct  that  the 
principal  islets  of  Heleostei  are  composed  of  the  same  cells  as 
those  of  the  islet  tissue  of  the  pancreas  of  the  higher  verte- 
brates, and  if  an  internal  secretion  regulating  carbohydrate 
metabolism  is  derived  from  these  islets,  then  it  should  be  pos- 
sible to  prepare  from  the  principal  islets  an  extract  having 
a  potent  influence  on  the  symptoms  of  diabetes. 

Rennie,  working  with  T.  Fraser,  attempted  to  demonstrate 
this.  These  workers  observed  the  symptoms  of  several  dia- 
betic patients  to  whom  the  glands  were  given  by  mouth,  often 
in  considerable  amounts,  either  in  a  raw  state  or  as  ex- 
tracts, and,  in  one  case,  by  subcutaneous  injection  of  a  sal- 
ine emulsion.  The  results  were  subsequently  shown  to  be  too 
unreliable  to  prove  any  beneficial  action  of  the  treatment.  In- 
adequate control  of  diet,  the  severity  of  the  cases  chosen,  the 
exhibition  of  the  gland  substance  by  mouth  all  militated 
against  the  success  of  the  investigation.  In  the  one  case  in 
which  an  unheated  saline  extract  of  the  principal  islet  of 
'Lophius"  v/as  given  it  is  reported  that  "the  amount  of  reac- 
tion caused  by  the  injection,  accompanied  as  it  was  with  no 
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improvement  caused  us  to  abandon  this  method  of  treatment." 
In  light  of  the  results  of  the  present  investigation  it  is  unfor- 
tunate that  more  carefully  prepared  extracts  were  not  used 
subcutaneously. 

As  a  result  of  the  improved  histological  technique  introduc- 
ed by  Lane  and  Bensley  (loc.  cit.)  and  of  the  recent  demon- 
utration  by  Banting,  Best,  Collip,  Macleod  and  Noble^  that  an 
alcoholic  extract  of  mammalian  pancreas — known  as  insulin — 
profundly  lowers  the  percentage  of  blood-sugar  in  normal  rab- 
bits, the  whole  question  as  to  the  significance  of  the  islet  tis- 
sue, and  particularly  whether  it  is  the  source  of  insulin,  is  re- 
opened for  investigation. 

There  are  two  aspects  to  the  problem,  the  one  being  to  com- 
pare by  modern  histological  methods  the  exact  cytological 
structure  of  the  islets  in  mammalian  and  Elasmobranch  pan- 
creas with  that  of  the  principal  islets  found  by  Rennie  in  the 
Teleostei,  and  the  otlier,  to  study  the  effect  of  extracts  prep- 
ared from  these  sources  on  the  percentage  of  blood  sugar  in 
normal  rabbits  .  The  former  of  these  problems  has  been  un- 
dertaken by  Dr.  Slater  Jackson  of  McGill  University  and  a 
preliminary  report  of  his  work  appears  in  this  Journal,  whilst 
the  latter  forms  the  material  of  this  paper. 

In  general,  the  plan  of  investigation  has  been  to  observe 
from  time  to  time  the  amount  of  blood  sugar  in  normal  rabbits 
injected  with  extracts  prepared  from  the  following  sources: — 
(1)  the  pancreas  of  representative  Elasmobranchs  [Squalus 
(dog  fish)  and  Raja  (skate)];  (2)  the  principal  islets  of  rep- 
resentative Teleostei  [Myoxycephalus  (sculpin)  and  Lophius 
(angler  fish)]  and  (3)  the  zymogenous  (acinar)  pancreatic 
tissue,  as  free  as  possible  from  islets,  in  the  same  and  certain 
other  Teleostei. 

Methods. 

Preparation  of  extracts.  In  practically  every  case  the  gland 
was  cut  up  in  small  pieces  and  placed  in  alcohol  of  about  60 
percent.,  made  faintly  acid  with  hydrochloric  acid.  When  the 
amount  of  tissue  was  considerable,  stronger  alcohol  (95  per- 
cent.) was  used.  The  collected  material  was  usually  left  stand- 
ing in  a  refrigerator*  at  —  15°C.  for  several  days.  To  prepare 


Throughout   the  paper   when    'refrigerator'   is   mentioned   this   is   the   one   referred   to. 
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the  extract  the  tissue  was  removed  from  the  alcohol  and  thor- 
oughly ground  in  a  mortar  with  sand,  the  alcohol  being  then 
gradually  added  with  constant  rubbing,  so  as  to  ensure 
thorough  extraction,  after  which  the  extract  was  pressed  out 
through  several  layers  of  gauze  and  the  residue  extracted  a 
second  time.  The  crude  extracts  were  filtered  through  paper 
and  the  clear  filtrate  placed  in  large  porcelain  developing 
trays  which  were  then  placed  in  a  drier  consisting  of  an  oblong 
box  (4x1x1  feet)  open  at  the  narrow  ends  and  through  which 
a  rapid  current  of  warmed  air  was  passed  by  means  of  a  fan. 
The  rapid  movement  of  the  warmed  air  over  the  thin  layer 
of  fluid  in  the  trays  causes  rapid  evaporation  so  that  the 
temperature  of  the  fluid  does  not  rise  above  30°C.  (and  is 
usually  much  less)  until  evaporation  is  nearly  complete.  When 
the  volume  in  each  tray  was  reduced  to  about  lOcc.  the  con- 
tents were  filtered  into  a  small  bottle  which  was  kept  in  the 
refrigerator  (and  the  contents  frozen)  until  used  for  injection. 

In  several  cases  the  procedure  described  elsewhere"  for 
the  preparation  of  insulin  from  the  ox  pancreas  was  employ- 
ed, but  since,  with  the  relatively  small  quantities  of  tissue  used, 
it  was  not  found  that  much  precipitate  could  be  obtained  by 
bringing  the  percentage  of  alcohol  to  ninety  (after  previous 
precipitation  of  the  proteins)  this  method  was  abandoned. 
In  other  cases,  particularly  when  large  amounts  of  pancreas 
of  dog  fish  or  skate  were  used,  the  extract  after  evaporation 
contained  much  fat  which  was  removed  by  shaking  with  ether. 
Since  the  work  was  in  the  main  qualitative,  rather  than  quan- 
titative in  nature,  it  was  not  as  a  rule  attempted  to  regulate 
the  volume  of  the  final  solution  so  that  it  bore  a  relationship 
to  the  amount  of  gland  extracted.  However,  a  few  observations 
of  this  character  were  made. 

To  study  the  action  of  the  extracts,  from  2  to  15cc.  was  in- 
jected under  the  skin  of  the  back  in  well-fed  rabbits  from 
which  Ice.  of  blood  had  just  been  removed  from  the  ear  vein. 
Further  samples  of  blood  were  subsequently  removed  at  reg- 
ular intervals  and  the  percentage  of  sugar  in  each  determin- 
ed by  the  Shaffer-Hartman  method  after  precipitation  of  pro- 
teins by  sodium  tungstate  and  sulphuric  acid  (Folin's  reagent). 
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Results. 


Elasmobranch  Pancreas.  In  both  the  dog  fish  (Squalus  Acan- 
thias)  and  the  skate  (Raja)  this  gland  is  compact  and  readily 
seen  on  opening  the  body  cavity.  It  is  more  or  less  attached 
at  its  broad  end  to  the  first  portion  of  the  intestine,  the  narrow 
end  extending  towards  the  spleen.  In  a  small  skate  weighing 
about  1  kg.  the  pancreas  weighed  3  gm.,  i.e.  about  0.3  per 
cent,  of  the  body  weight,  and  in  a  large  "barndoor"  skate 
weighing  16.4  kg.  it  weighed  31.5  gm.  (about  0.2  per  cent,  of  the 
body  weight). 

Raja. 

Experiment  I.  The  pancreas  from  five  skate  each  weigh- 
ing about  1 — 1.5  kg.,  after  being  kept  in  approximately  50  per 
cent,  alcohol  at  about  — 15°  C.  for  one  week,  were  ex- 
tracted by  the  usual  method  and  the  filtrate  was  evaporated 
to  9  cc.  in  warm  air.  All  of  this  was  injected  into  an  albino 
rabbit  (2.3  kg.,  female)  suffering  from  respiratory  trouble 
which  was  afterwards  found  to  be  due  to  tubercular  tumours 
in  the  lungs. 

July  14-10.30  a.m.  0.096  |     ^^^^^^,  ^,^^^  ^^^^^ 

10.30-11.00  a.m.  Injection  of  extract.  Owing  to  breaking 
of  hypodermic  needle  the  injection  was 
delayed. 

12.00  noon  0.046  I     percent  blood  sugar. 

1.20  p.m.  0.056 
2.40  p.m.  0.058 
4.10  p.m.  0.066 
6.30  p.m.  0.094 
July  15  —  10.00  a.m.  0.108) 

0.108  j 

<<  <<  << 

Although  the  reduction  in  blood  sugar  was  marked  it  did 
not  reach  the  level  (of  0.045)  at  which  the  symptoms  described 
elsewhere  make  their  appearance.  It  attained  its  lowest  level 
about  from  three  to  four  hours  after  the  injection. 

Experiment  II.  The  pancreases  were  removed  from  6  small 
skate  and  placed  in  50  per  cent,  alcohol,  in  which  they  re- 
mained part  of  the  time  at  room  temperature  and  part  in 
the  refrigerator  for  four  days,  when  an  extract  was  prepared 
as  in  experiment  I  and  injected  into  a  rabbit  (wt.  unrecorded). 
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July  17  —  12.00  noon  —  0.120  percent  blood  sugar. 

12.15  p.m.  —  Injected  4-5  c.c.  of  extract. 

2.00  "     — 0.079  percent  blood  sugar. 

i                     2.15  "     — Further  injection  of  4-5  c.c.  of  extract. 

\                     3.45  "     — 0.075  percent  blood  sugar. 

5.35  "     —0.064 

9.15  "    —0.082 

July  18—    4.30  "     —0.125 

This  observation  was  not  so  well  controlled  as  the  previous 
one  but  it  shows  much  the  same  results.  The  blood  sugar  reach- 
ed its  lowest  point  of  0.064  per  cent,  in  about  31/2  hours  after 
the  second  injection  but  was  still  decidedly  subnormal  after 
seven  hours.   The  animal  showed  no  symptoms. 

No  attempt  was  made  in  these  two  experiments  to  iremove 
all  of  the  protein  from  the  extracts.  In  those  following,  this 
was  done  by  raising  the  concentration  of  alcohol  to  between 
70  and  80. 

Experiment  III.  The  pancreases  of  several  small  skate  that 
had  been  kept  in  50  per  cent,  alcohol  in  refrigerator  over  night 
were  extracted  in  a  mortar  with  sand  and  filtered.  The  residue 
was  extracted  with  fresh  50  per  cent,  alcohol  a  second  time 
and  to  the  combined  filtrates  sufficient  alcohol  (95  per  cent.) 
was  added  so  as  to  give  about  70  per  cent,  alcohol  in  the  mix- 
ture, when  only  a  slight  precipitate  formed.  The  solution  was 
then  evaporated  in  an  air  current  to  4  cc.  (cool  air  used  most 
of  the  time  so  that  5  hours  occupied  in  evaporation) .  Alcohol 
was  then  added  so  as  to  give  about  85  per  cent,  in  the  mixture, 
when  a  considerable  precipitate  separated.  This  was  centri- 
fuged,  the  supernatant  fluid  evaporated  and  the  residue  inject- 
ed into  a  rabbit  (brown)  weighing  2.7  kg.,  with  the  following 
results. 

July  21  —  12.00  noon  —  0.093  percent  blood  sugar. 

12.05-12.30  p.m.  —  Injection  slowly  of  15  c.c.  extract. 
1.40  p.m.  —  0.041  percent  blood  sugar. 
3.15      "     —0.044 

A  marked  hypoglycaemic  effect  is  evident  in  l^/i  hours  after 
the  injection  and  it  persists  for  at  least  3  hours.  It  is  interest- 
ing that  no  symptoms  were  observed  although  the  blood  sugar 
fell  to  below  the  |  level  at  which  these  usually  occur  (cf.  10). 

The  precipitate  was  washed  with  absolute  alcohol  by  cen- 
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trifuging  and  then  suspended  in  10  cc.  water  and  injected  into 
the  same  (albino)- rabbit  used  in  Experiment  I. 

July  21  —  11.30  a.m.  —  0.110  percent  blood  sugar. 
11.35      "     — Injection. 
1.25  p.m.  —  0.070  percent  blood  sugar. 
3.05      "     —0.063 

Evidently  the  percentage  of  alcohol  was  such  as  to  only  par- 
tially precipitate  the  insulin. 

Experiment  IV.  In  order  to  obtain  stronger  extract  the  pan- 
creases removed  on  different  days  from  43  small  skate  (aver- 
aging 1-1%  kg.  each)  were  placed  in  alcohol  so  as  to  give  about 
fifty  percent,  in  the  mixture,  and  kept  in  the  refrigerator.  The 
combined  pancreases  weighed  about  120  gm.  The  extract  was 
prepared  in  the  usual  way.  A  part  (160  cc.)  of  the  first  ob- 
tained filtrate  was  mixed  with  alcohol  to  give  about  80  per- 
cent., but  since  only  a  very  slight  precipitate  formed,  the  whole 
filtrate  was  evaporated  in  the  warmed  air  current.  The  final 
extract  measured  22  cc,  of  which,  after  standing  three  days 
in  refrigerator,  10  cc.  was  injected  into  small  brown  rabbit 
(wt.  1.6  kg.). 

Aug.  1st —    9.45  a.m.  —  0.120  percent  blood  sugar. 

—  Injection. 

—  Violent  convulsions  of  the  usual  type  (cf.  10). 

—  Partial  recovery. 

—  0.035  percent  blood  sugar.    No  convulsions. 
12.00  noon  —  Again   in  violent  convulsions.    Impossible  to 

obtain  blood  from  ear  veins.  Given  about  5  gm. 
dextrose  in  solution,  subcutaneously.  Recov- 
ered within  5  minutes. 

3.00  p.m.  —  Quite  recovered.    0.064   percent  blood   sugar. 

8.30      "    — Appears  all  right. 
Aug.  2    —    9.00  a.m.  —  Rabbit  found  dead  in  cage. 

This  is  the  only  rabbit  of  the  series  in  which  death  occurred 
after  the  convulsions  had  been  antidoted  by  administration 
of  dextrose.  The  rapid  decline  in  blood  sugar  to  the  level  at 
which  convulsions  occurred,  and  the  death  of  the  animal  in 
spite  of  injections  of  dextrose,  leave  little  doubt  that  an  over- 
whelming dose  of  insulin  had  been  given. 

On  post  mortem  examination,  the  abdominal  wall  was 
found  a  mass  of  mucigenous  material  as  described  by  us  in 
a  previous  paper   (loc.  cit.). 
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The  remaining  12  cc.  of  this  extract  was  kept  frozen  in  the 
refrigerator  from  August  1st  to  22nd,  when  it  was  divided  into 
3  portions,  of  which  one  was  injected  into  a  rabbit,  another 
heated  to  70° C.  for  5  minutes,  and  a  third  used  for  chemical 
examination.  The  following  were  the  results  with  the  first 
portion : 

Aug.  22  —  Albino  (clipped)  rabbit,  wt.  2.75  Kg. 

0.124  percent  blood  sugar. 
4  cc.  extract  injected. 
0.045  percent  blood  sugar. 
—  Convulsions  and  coma. 

0.038) 

0.030  1 

Much  recovered  and  sitting  up. 

Very  excitable  and  on  removal  from  cage  there 

was  a  convulsive  seizure  of  moderate  severity. 
12.08  p.m.  —  0.033  percent  blood  sugar. 
12.20      "     — Injected  2  gm.  dextrose. 
12.30      "     — Animal  normal  though  drowsy. 

With  the  second  portion  of  extract  that  had  been  heated  the 
following  were  the  results. 

Aug.  22  —  Black  (brownish  hair)   rabbit. 

9.15  a.m.  —  0.112  percent  blood  sugar. 

9.20      "     —  4  cc.  extract  injected. 
10.45      "     — 0.038  percent  blood  sugar. 
11.20      "     — Convulsions  of  usual  type. 
11.30      "     — 0.026  percent  blood  sugar. 
11.35      "     — Injection  of  2  gm.  dextrose. 
12.00  noon  —  Rabbit  apparently  normal. 

Heating  to  at  least  70° C.  for  a  period  of  five  minutes  does  not 
diminish  the  potency  of  the  extracts. 

The  third  portion  gave  no  biuret  reation  although  there 
was  a  very  faint  orange  tinge  by  the  xanthoproteic  reaction. 

Experiment  V.  In  this  experiment  eight  small  skate  were 
used,  of  which  five,  caught  on  August  2nd,  had  stood  for  six 
days  in  a  cool  room  and  three,  caught  on  August  7,  in  the  base- 
ment of  the  laboratory  over  night.  The  excised  pancreases 
were  placed  in  50  percent,  acidified  alcohol,  in  which  they 
stood  several  days  in  the  refrigerator.  After  removal  from  the 
alcohol  the  total  mass  of  pancreas  weighed  12  gm..  The  ex- 
tract was  prepared  on  August  14  in  the  usual  way,  and  after 
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evaporation  in  warmed  air  its  final  volume,  including  the 
washings  of  the  tray,  was  10  cc,  of  which  2  cc.  was  injected 
into  an  albino  rabbit,  (wt.  2.4  kg.). 

Aug.  14  —  12.05  p.m.  —  0.101  percent  blood  sugar. 
12.10      "     —Injection  (2  cc). 
12.40      "     — 0.115  percent  blood  sugar. 
2.15      "     —0.079 

The  hypoglycaemic  effect  is  not  so  marked  in  this  case,  possibly 
because  of  autolytic  destruction  of  insulin  before  the  pancreas 
was  excised. 

Experiment  VI.  The  pancreases  of  four  barndoor  skate 
(Raja),  averaging  15-16  kg.  in  weight,  were  kept  in  acidified 
alcohol  from  August  9th  to  14th.  (In  one  of  these,  weighing 
16.4  kg.,  the  pancreas  weighed  31.5  gm.  moist).  The  total  mass 
of  pancreas  after  pressing  out  adherent  alcohol  with  cheese- 
cloth weighed  56  gms.  After  evaporation,  the  extract  con- 
tained much  fat  which  was  removed  by  ether,  the  fat-free 
(clear)  extract  now  measuring  15  cc,  of  which  2  cc.  was  in- 
jected and  the  remainder  passed  through  a  Berkfeld  filter  and 
kept  10  days  in  the  refrigerator,  when  1  cc.  was  injected  into 
a  rabbit  (wt.  2.5  kg.). 

Aug.  15  —  11.40  a.m.  —  0.122  percent  blood  sugar. 
11.45      "     — Injection    (2c.c.). 
12.30  p.m.  —  0.072  percent  blood  sugar. 
1.55      '«     —0.042 

Until  2.30  p.m.  no  symptoms  were  noted  and  the  animal  was 
replaced  in  its  cage  in  the  laboratory.  On  returning  to  the 
laboratory  at  6.30  it  was  reported  that  convulsions  had  deve- 
loped about  3  p.m.  At  6.30  the  animal  was  in  deep  coma  and 
almost  moribund.  About  3  gm.  dextrose  was  injected  sub- 
cutaneously,  with  sufficient  recovery  so  that  consciousness 
returned  and  the  animal  sat  up  and  tried  to  hop  about.  Its 
movements  were,  however,  incoordinate  and  it  frequently  fell 
to  one  side.  The  characteristic  movements  described  else- 
where were  very  pronounced.  Since  the  condition  did  not  show 
further  improvement,  2-3  gm.  dextrose  was  again  given  at  7.50 
p.m.  and  in  a  few  minutes  the  condition  markedly  improved, 
the  jaw  movements  disappeared  and  the  animal  hopped  about 
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the  room  in  normal  fashion.  The  only  symptoms  remaining 
were  extreme  drowsiness  and  violent  head  shaking  when  lifted 
by  the  ears.  Next  morning  the  behaviour  of  the  animal  was 
perfectly  normal. 

The  same  extract  after  Berkfelding  and  standing  in  the 
refrigerator  gave  the  following  results: 

Aug.  24  —  10.45  a.m.  —  0.105  percent  blood  sugar. 

10.54  "     — Injected  1  c.c.  extract. 

11.35  "     —0.060  percent  blood  sugar. 

1.35  p.m.  — 0.058 

With  one  half  the  previous  dose  a  marked  reaction  is  evident, 
although  the  hypoglyceemia  was  not  of  sufficient  degree  to  be 
associated  with  symptoms. 

For  practical  reasons  it  is  important  to  form  some  rough 
estimate  of  the  number  of  units  of  insulin  (the  dosage  required 
to  lower  the  percentage  of  blood  sugar  of  the  normal  rabbit 
to  0.045  within  4  hours;  cf.^°)  obtainable  from  this  source  of 
material.  This  is  done  in  the  following  table  from  the  data 
of  experiments  I,  II,  IV,  V,  VI. 


Expt. 
No. 

No. 

of 

skate 

Combin- 
ed weight 
of 

skate 

used 

Weight 
of  pancreas 
after  removal    from 
alcohol  (unless  other- 
wise noted) 

Proportion 

of 

extract 

injected 

Result 
(units) 

I. 

(5) 

5  kg. 

_ 

all 

1 

II. 

(6) 

6  kg. 



all 

1/2 

IV. 

(43) 

86  kg. 

120  gm.  (fresh) 

5/11    ths 
2/11   ths 

overdose 
overdose 

V. 

(8) 

8  kg. 

12  gm. 

1/  5  th 

y2 

VI. 

^4  barn- 

60 kg. 

56  gm. 

2/15  ths 

1+ 

door) 

1/15  th 

1— 

Taking  alcohol-preserved  pancreas  as  a  basis  for  calculation, 
it  would  appear  from  the  data  of  Experiment  VI  that  about 
1  unit  of  insulin  can  be  prepared  from  4  gm.  of  raw  material. 
This  means  that  from  the  pancreas  of  one  barndoor  skate, 
weighing  about  15-16  kg.,  three  to  four  units  of  insulin  can 
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be  prepared  ,and  from  three  small  skate  weighing  one  kilo 
or  more,  one  unit.  It  must  be  understood  that  these  figures 
are  only  roughly  approximate,  but  they  are  probably  suffi- 
cient to  indicate  that  insulin  can  be  separated  with  much 
greater  ease  from  skate  pancreas  than  from  that  of  oxen.  As 
indicated  in  Dr.  Jackson's  paper  islet  tissue  is  relatively  abun- 
dant in  this  pancreas. 

Squalus  Acanthias  (Dog  Fish) 

It  is  to  be  expected  that  the  closely  related  dog  fish  would 
yield  results  similar  to  those  of  the  skate.  In  the  few  ob- 
servations (3)  which  it  was  possible  to  make  an  extremely 
potent  extract  was  obtained  in  one,  a  moderately  strong  ex- 
tract in  another,  and  a  practically  inert  extract  in  a  third. 

Experiment  VII.  The  pancreas  was  removed  from  seven 
small  dog  fish  immediately  after  catching,  and  placed  in  50 
percent,  acidified  alcohol.  After  standing  24  hours  (part  of 
the  time  in  the  refrigerator)  the  extract  was  prepared  in  the 
usual  way.  It  contained  much  fat  which  could  not  be  separat- 
ed by  a  slow  centrifuge.  Of  a  total  volume  of  35  cc,  10  cc.  was 
injected  into  an  albino  rabbit  (wt.  2.4  kg.). 

Aug.  4  —  10.10  a.m.  —  0.110  percent  blood  sugar. 
10.15      "     — 10  cc.  crude  extract. 
11.40      "     — 0.098  percent  blood  sugar. 
12.10  p.m.  — 0.107 
1.10      "     —0.112 

To  the  remaining  25  cc,  alcohol  was  added  so  as  to  give  about 
80  percent,  in  the  mixture..  A  moderate  precipitate  separated, 
which  after  standing  at  room  temperature  for  3  days  was  col- 
lected in  a  filter,  dissolved  in  water  and  injected  into  a  brown 
rabbit  (wt.  2.7  kg.). 

Aug.  7  —  Normal  blood  not  taken. 

10.50  a.m.  —  Injected  8  cc.  solution  of  precipitate. 
12.00-12.30  p.m. —  0.115  percent  blood  sugar    (difficulty  in 
collecting  blood). 
3.30  p.m.  —  0.105  percent  blood  sugar. 

Since  there  was  no  evidence  that  the  extract  was  having  any 
effect,  the  filtrate,  after  evaporation,  was  injected  into  the 
same  rabbit. 
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Aug.  7 —    3.50  p.m.  —  Injected  15  c.c.   (opalescent)   filtrate. 
4.35      "     — 0.110  percent  blood  sugar. 
5.45      «    —0.100 

There  is  no  evidence  in  these  results  of  the  presence  of  any 
insulin. 

Experiment  VIII.  The  pancreas  was  removed  from  a  fe- 
male dog  fish  (with  pups)  weighing  4.4  kg.  after  the  specimen 
had  been  dead  a  few  hours.  It  weighed  10  gm.  moist.  It  was 
extracted  in  about  80  percent,  alcohol.  The  final  extract  (with- 
out shaking  with  ether)  measured  14  cc,  of  which  1  cc.  was 
injected  into  an  albino  rabbit  (wt.  2.75  kg.). 

Aug.  14  —  12.30  p.m.  —  0.106  percent  blood  sugar. 
12.40      "     — 1  c.c.  extract  injected. 
1.40      "     — 0.050  percent  blood  sugar   (Rabbit  showing  no 

symptoms). 
3.30      "     —0.090  percent  blood  sugar. 

In  this  case  nearly  one  unit  of  insulin  was  obtained  from  l/14th 
of  the  total  extract  of  one  pancreas  weighing  10  gm. 

Experiment  IX.  The  pancreas  was  removed  from  about  20 
somewhat  undersized  dog  fish  immediately  after  catching,  and 
placed  in  alcohol  (95%).  Since  it  was  thought  that  the  distri- 
bution of  'islet"  tissue  might  be  different  in  the  ventral  and 
dorsal  lobes,  these  were  collected  and  tested  separately.  After 
pressing  through  muslin  the  total  mass  of  ventral  lobe  pan- 
creas weighed  26.5  gm.  The  crude  extract  after  evaporation 
was  loaded  with  fat,  which  was  removed  by  shaking  with 
ether.  The  final  extract  measured  17  cc,  of  which  10  cc.  was 
injected  into  a  brown  rabbit  (wt.  2.7  kg.). 

Aug.  19  —  10.15  a.m.  —  0.102  percent  blood  sugar. 
10.30      "     — 10  c.c.  extract  injected. 
11.40      "     — 0.062  percent  blood  sugar. 
12.05  p.m.  — 0.062 

1.15      "     —0.080 

3.30      "     —0.109         "  "  " 

The  result  shows  that  a  relatively  feeble  extract  was  obtained. 
2.  Dorsal  lobe.  Weighed  46.5  gm.  after  pressing  through  mus- 
lin. Volume  of  final  extract  29  cc,  so  that  10  cc.  practically 
equals  10  cc.  of  extract  of  ventral  lobe   (i.e.  is  derived  from 
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same  mass  of  pancreas).  This  was  injected  into  small  albino 
rabbit. 

Aug.  19  —  10.50-11.05  a.m.  —  0.104  percent  blood  sugar. 
11.10  a.m.  — Extract  10  c.c. 
11.55      "     — 0.035  percent  blood  sugar. 
1.30  p.m.  — 0.026 
1.45      "     — Left  Laboratory. 
2.45      "    —  On  return  to  laboratory  rabbit  found  in  violent 

convulsions  of  the  usual  type. 
3.00      "     —  0.042  percent  blood  sugar. 
3.15      "     — 15  c.c.    20   percent   dextrose   injected.    Rabbit 

soon    recovered    although    it    remained    very 

drowsy. 
4.00      "     — 0.106  percent  blood  sugar. 
7.15      "    —  Rabbit  normal  but  very  drowsy.    Drank  water 

containing  dextrose. 
Next  a.m.  —  Rabbit  normal. 

These  results  would  seem  to  indicate  that  much  more  insulin 
is  contained  in  the  dorsal  than  in  the  ventral  lobe.  Specimens 
of  these  lobes  have  been  collected  for  careful  histological  ex- 
amination by  Dr.  Slater  Jackson  with  a  view  to  determining 
the  relative  distribution  of  islet  tissue.  Taking  the  results  in 
the  former,  it  is  seen  that  considerably  more  than  one  unit 
was  obtained  from  about  15  gm.  of  alcohol  preserved  pancreas. 

The  Teleostei 

AS  explained  in  the  introduction,  the  islet  tissue  is  more 
or  less  separate  from  the  zymogenous  in  at  least  the  majority 
of  bony  fishes.  It  is  collected  into  one  or  several  easily  re- 
cognizable nodules,  often  encapsulated  and  associated  with 
relatively  little  if  any  zymogenous  cells.  The  latter,  on  the 
other  hand,  exist  as  thin  bands  of  tissue  scattered  in  the  mes- 
entery especially  near  the  pyloric  caeca,  usually  closely  ad- 
jacent to  the  branches  of  the  portal  vein  and  sometimes  ex- 
tending with  this  for  some  distance  into  the  liver.  Specimens 
of  this  tissue  have  been  collected  by  Dr.  Jackson  for  histo- 
logical examination  especially  to  find  out  whether  it  con- 
tains any  islets.  Extracts  have  been  prepared  separately 
from  these  two  sources.  After  trial  of  several  varieties  of 
fish  —  Haddock,  Hake,  Eel,  Sculpin  and  Angler  fish  —  it  was 
decided  to  pay  particular  attention  to  the  last  two  mentioned, 
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since  in  them  the  principal  islets  are  large  and  easily  re- 
movable. 

Sculpin.  Two  species  were  used,  Myoxocephalus  octodecim- 
spinosus  and  scorpius.  These  fish  abound  along  the  Atlantic 
coast,  and  being  voracious  feeders  they  can  readily  be  caught 
in  large  numbers  by  hook  and  line.  They  are  mostly  of  small 
size  (up  to  about  1  kg.)  with  a  large  mouth  and  furnished  with 
many  spines.  There  are  usually  two  principal  islets,  the  larg- 
est and  most  constant  of  these  being  situated  in  the  mesentery 
immediately  anterior  to  the  spleen  and  close  by  the  portal 
vein.  The  other  smaller  islet  is  situated  near  the  pylorus,  and 
there  are  usually  also  several  just  visible  islets  scattered  here 
and  there  in  its  neighbourhood.  The  principal  islets  are  of  a 
characteristic  pale  buff  yellow  colour. 

Zymogenous  tissue  with  no  islets  visible  to  the  naked  eye 
occurs  "as  narrow  bands  adhering  to  the  intestine  and  occupy- 
ing the  intercaecal  spaces"  (Rennie). 

Experiment  X.  The  principal  islets  were  removed  (July 
31st)  from  35  specimens  of  Myoxocephalus  scorpius  and  placed 
in  diluted  acidified  alcohol.  After  pressing  through  muslin 
there  was  1.2  gm.  of  islets.  The  final  extract  after  removal 
of  the  alcohol  measured  5  cc,  of  which  2  cc.  was  injected  into 
an  albino  rabbit  (wt.  2.4  kg.). 

Aug.  1  — 10.00  a.m.  —  0.114  percent  blood  sugar. 
10.05      "     —Injection. 
11.20      "     —0.020  percent  blood  sugar. 
11.30      "     — Rabbit  very  drowsy,  lies  on  side. 
11.35      "     — Marked  convulsions. 

11.45      "     ~o'02o|  percent  blood  sugar. 

11.50      "     — Convulsions  less  severe. 
12.05  p.m.- — 0.040  percent  blood  sugar. 

12.10      "     — Convulsions   again   very   severe,   so   that   about 
4  gm.  dextrose  was  injected  subcutaneously.  Re- 
covery was  rapid,  so  that  in  about  15  minutes 
the  animal  ate  carrot  tops  greedily. 
2.30      "     —  0.090  percent  blood  sugar.   Rabbit  normal. 
5.40      "     —  0.062  percent  blood  sugar.   Rabbit  very  hungry. 
6.00      "     —  Injected  more  dextrose. 
Next  morning  the  rabbit  was  normal. 

The  extract  was  kept  in  the  refrigerator  for  two  days  and  1  cc. 
of  it  injected  into  small  albino  (1.4  kg.)  rabbit. 
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Aug.  3  —  11.30  a.m.  —  0.102  percent  blood  sugar. 
11.31      "     —Injection. 
12.10  p.m.  —  0.070  percent  blood  sugar. 

1.30      "     —0.058         "  "  "        (no  symptoms). 

3.50      "     —0.063 

Extract  was  also  made  from  a  large  amount  of  pancreatic 
(zymogenous)  tissue  (true  pancreas)  dissected  out  from  the 
same  sculpin.  The  final  extract  measured  20  cc,  and  10  cc. 
was  injected  into  another  albino  (undipped)  rabbit. 

Aug,  1  —  10.45  a.m.  —  0.110  percent  blood  sugar. 
10.50      "     —Injection   (10  cc). 
11.35      "     — 0.118  percent  blood  sugar. 
12.20  p.m.  — 0.115 

1.30      "     —0.124 

2.45      "     —0.156 

The  remainning  10  cc.  of  extract,  after  being  kept  3  days  in 
the  refrigerator,  was  injected  into  a  large  brown  rabbit 
(wt.  2.7  kg.) 

Aug.  4  —  11.20  a.m.  —  0.100  percent  blood  sugar. 
11.30      "     —  Injected  extract. 
12.20  p.m.  —  0.115  percent  blood  sugar. 
2.00      "     —0.119 

In  neither  of  these  observations  with  extract  of  zymogenous 
tissue  did  the  rabbits  show  any  symptoms. 

Experiment  XI.  Principal  islets  and  mesenteric  (zymogen- 
ous) tissue  were  removed  from  20  specimens  of  both  species 
of  sculpin  mentioned  above.  The  fish  were  caught  on  the 
previous  evening  and  had  been  kept  in  the  basement  over 
night.  Extracts  were  prepared  in  the  usual  way.  From  the 
islets  9  cc.  of  extract  was  obtained,  of  which  6  cc.  was  injected 
into  an  albino  rabbit  (wt.  1.64  kg.). 

Aug.  8  —  11,00  a.m.  —  0.125  percent  blood  sugar. 
11.15      "     — Injection. 
12.05  p.m.  —  0.128  percent  blood  sugar. 
1.15      "     —0.074 
4.45      "     —0.108 

The  hypoglycaemic  effect,  though  perfectly  definite,  is  not  so 
marked  as  in  the  previous  case. 
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The  extract  prepared  from  the  mesenteric  pancreatic  (zymo- 
genous)  tissue  measured  12  cc,  all  of  which  was  injected  into 
a  black  and  white  rabbit  (wt.  2.08  kg.). 

Aug.  8  — 10.20  a.m.  —  0.110  percent  blood  sugar. 
10.45      "     — Injection. 
11.45      "     — 0.116  percent  blood  sugar. 
12.30  p.m.  — 0.114 
1.35      "     —0.105 

As  in  the  previous  experiments  there  was  no  indication  of  the 
presence  of  insulin  in  the  zymogenous  tissue. 

Experiment  XII.  Extract  was  prepared  from  the  principal 
islets  of  24  Sculpin  of  both  varieties.  The  total  islets,  after 
pressing  out  adherent  alcohol  between  filter  paper,  weighed 
0.68  gm.  The  extract  stood  from  August  14th  to  25th  in  the 
refrigerator,  and  it  measured  12  cc,  of  which  1  cc.  was  in- 
jected into  a  black  rabbit  (2.25  kg.). 

Aug.  25  —  12.15  p.m.  —  0.092  percent  blood  sugar. 
12.20      "     —Injection. 
1.30      "     —0.042  percent  blood  sugar. 

2.15      "    — Convulsions  (these  may  have  occurred  earlier) 
and  profound  coma. 

3.00      "     ~Q*oJo|    percent  blood  sugar. 

3.10      "     —  2  gm.  dextrose  in  20  percent  solution  injected. 

Recovery  only  partial,   so  that  another  1  gm. 

dextrose  given. 
5.45      "     —  Still  not  perfectly  recovered,  being  very  drowsy, 

so  that  another  2  gm.  dextrose  was  given. 
Next  morning  the  rabbit  was  normal. 

It  is  clear  from  these  results  that  very  potent  insulin  can  readi- 
ly be  extracted  from  the  principal  islets  but  not  from  the 
zymogenous  tissues  of  sculpin.  Apart  from  its  theoretical  in- 
terest, in  throwing  light  on  the  question  as  to  whether  the 
source  of  insulin  is  the  islet  or  the  zymogenous  structures  of 
the  pancreas,  this  observation  is  of  practical  importance  since 
it  shows  a  possible  source  of  insulin  for  therapeutic  purposes. 
From  1.2  gm.  of  alcohol  preserved  islets  decidedly  more  than 
three  (rabbit)  units  were  obtained  in  Experiment  IX,  and 
from  0.68  gm.  (of  more  thoroughly  dried  material)  considerab- 
ly more  than  12  units  were  obtained  in  Experiment  XII.  The 
much  greater  yield  of  insulin  in  the  last  experiment  may  be 
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dependent  on  the  fact  that  stronger  alcohol  was  used  and  the 
islets  were  kept  for  some  time  in  the  refrigerator  about  15° C. 
below  freezing  point  so  that  they  were  disintegrated  by  the 
formation  of  ice  crystals. 

The  Angler  Fish 
(Lophius  Piscatorius,  also  called  Monk,  Devil  or  Goose  fish). 

These  fish  are  conspicuous  for  the  enormous  head  and 
mouth  and  tapering  body,  an  adult  specimen  being  three  feet 
long.  An  average  fish  weighs  from  13  to  15  kg.  Like  the  scul- 
pin,  the  angler  fish  has  a  very  wide  distribution  on  both  sides 
of  the  Atlantic  and  it  seems  to  be  most  abundant  at  moderate 
depths,  although  also  present  in  deep  waters.  It  is  caught  by 
long  set  lines  or  baited  trawls  and  frequently  taken  by  trawl- 
ers. On  this  side  the  Atlantic,  the  angler  fish  is  not  used  for 
food  —  although  it  is  so  in  Europe  —  so  that  the  fish  are 
thrown  overboard,  and  it  is  reported  by  Connolly  that  enorm- 
ous quantities  could  be  landed  from  the  fishing  banks  of  Nova 
Scotia  were  there  a  demand  for  it.  These  facts  are  stated 
because  of  the  interesting  results  which  will  be  reported  im- 
mediately. Rennie  (loc.  cit.)  carefully  describes  the  islets  and 
states  that  in  large  fish  the  principal  one  may  attain  the  size 
of  the  adrenal  of  the  rabbit.  In  the  specimens  used  in  the 
present  investigation  two  large  islets  were  found,  one  of  which, 
the  largest,  was  constantly  present,  as  described  by  Rennie,  in 
the  mesentery  in  the  neighbourhood  of  the  spleen,  lying  be- 
tween the  conspicuously  long  cystic  duct  and  the  duodenum 
and  close  by  the  portal  vein.  One  of  the  islets  after  being  in 
alcohol  weighed  0.3  gm.  Another  slightly  smaller  islet  was 
found  nearer  the  pylorus,  and  numerous  much  smaller  ones 
scattered  in  the  upper  mesentery  in  the  neighbourhood  of  the 
smaller  of  the  principal  islets.  It  should  be  remarked  that 
in  Lophius,  as  in  most  of  the  Teleostei,  nematode  cysts  of 
varying  sizes  are  not  of  infrequent  occurrence  in  the  mes- 
entery. At  first  sight  these  may  appear  like  islets,  but  even 
when  no  nematode  can  be  seen  in  them  their  cystic  nature 
and  their  colour  make  them  readily  distinguishable.  In  the 
lower  mesentery,  surrounding  the  tributaries  of  the  mesenteric 
and  portal  veins,  bands  of  pancreatic  (zymogenous)  tissue  oc- 
cur in  which  no  islets  can  be  distinguished  by  the  naked  eye. 
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Specimens  of  the  islets  and  of  the  zymogenous  tissue  have  been 
collected  by  Dr.  Jackson  for  histological  examination.  One 
structural  feature,  also  observed  by  Rennie,  is  the  liberal  sup- 
ply of  blood  vessels. 

Extracts  were  prepared  in  the  usual  way  from  three  spe- 
cimens brought  to  the  station  during  August. 

Experiment  XIII.  Extracts  were  prepared  in  usual  way  from 
larger  islets  of  one  specimen  (not  weighed  but  of  average  size, 
i.e.  about  14  kg.).  The  islets  were  not  weighed,  but  similar 
ones  dissected  from  another  specimen  and  kept  over  night 
in  Bouin's  fluid  and  then  in  alcohol,  weighed,  after  draining 
off  the  alcohol,  0.18  gm.  The  evaporated  extract  measured 
10  cc,  all  of  which  was  injected  into  a  white  and  brown  rab- 
bit (wt.  2.08  kg.). 

Aug.  18  — 11.15  a.m.  —  0.098  percent  blood  sugar. 
11.25      "     —Injection. 

12.25  p.m.  —  0.046  percent  blood  sugar. 

1.25      "     —0.048 

2.55      "     —0.064 

The  rabbit  did  not  show  any  symptoms. 

Experiment  XIV.  The  principal  islets  and  several  of  the 
smaller  ones  were  removed  from  two  specimens  of  Lophius 
caught  in  the  weirs  on  August  21st  and  kept  in  the  boat 
for  5-6  hours.  The  islets  were  placed  in  approximately 
80  percent,  acidified  alcohol  and  kept  in  the  refrigerator  over 
night,  so  that  they  were  frozen.  On  removal  from  the  alcohol, 
the  total  tissue  weighed  1.15  gm.,  the  largest  islet  weighing 
0.3  gm.  After  maceration  in  the  alcohol,  filtration  was  very 
slow,  so  that  the  more  solid  tissue  was  removed  by  using  a 
water  centrifuge.  The  supernatant  fluid,  with  washings, 
after  evaporation  was  2  cc,  with  a  considerable  amount  of 
greasy  residue.  This  was  diluted  with  water  to  12  cc,  filtered, 
and  2  cc  of  the  filtrate  used  for  injection  into  a  rabbit  of 
average  weight. 

Aug.  23  —  10.45  a.m.  —  0.108  percent  blood  sugar. 
10.50      "     —Injection. 
12.00  noon  —  0.042  percent  blood  sugar. 
12.40  p.m.  —  Rabbit   hyperexcitable  and  on   removal   from 

cage  developed  convulsions. 
12.45      "     — 0.024  percent  blood  sugar. 


J,    J.    R.    MACLEOD  19 

12.47      "     — Injected  2  gm.  dextrose. 
1.20      "    -^0.054  percent  blood  sugar.    Rabbit  apparently 

normal. 
3.20      "     —  Rabbit  again  in  convulsions. 
3.25      "     —  0.025  percent  blood  sugar. 
3.30      "     —  Injected  2  gm.  dextrose.   After  this  and  during 
the   evening   the    animal    was    normal   though 
drowsy. 
Next  morning  —  Rabbit  normal. 

In  this  experiment  considerably  more  than  one  (rabbit)  unit 
of  insuHn  was  therefore  obtained  from  about  0.19  gm.  of  al- 
cohol-soaked islet. 

From  the  same  two  fish  pancreatic  (zymogenous)  tissue  in 
which  no  islets  could  be  seen  was  dissected  from  the  lower 
mesentery  and  an  extract  prepared  by  exactly  the  same  pro- 
cedure as  used  for  the  islets.  Five  cubic  centimetres  of  a 
somewhat  muddy  extract  was  obtained,  and  all  of  it  was  in- 
jected into  an  albino  rabbit  (wt.  2.4  kg.). 

^ug.  23  —  11.05  a.m.  —  0.124  percent  blood  sugar. 
11.15      "     — Injection. 
12.15  p.m.  —  0.125  percent  blood  sugar. 
1.15      «     —0.110 
3.40      «     —0.112 
At  no  time  did  the  animal  show  any  symptoms. 

The  very  definite  nature  of  these  results  leaves  little  doubt 
that  insulin  is  present  only  in  the  islet  tissue  and  not  in  the 
zymogenous,  although  more  specimens  of  this  fish  must  be 
examined  before  this  can  be  positively  asserted. 

With  regard  to  the  practicability  of  preparing  insulin  from 
this  source,  it  may  be  stated  that  this  is  being  tried.  The  ad- 
vantages are  that  the  fish  is  readily  procurable,  the  islets  can 
be  recognized  and  removed  by  unskilled  assistance,  very  lit- 
tle alcohol  is  required  for  preparation  of  the  extracts,  and, 
as  shown  in  Experiment  XIV,  at  least  from  3  to  4  (rabbit) 
units  of  insulin  can  be  obtained  from  one  fish. 

The  Eel  Pout 
(Zoarces  anguillaris) 

Rennie  states  that  in  the  related  species,  viviparus,  a  prin- 
cipal islet,  free  from  zymogenous  tissue,  occurs  near  the  spleen 
in  a  triangle  formed  by  the  mesenteric  and  hepatic  arteries 
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and  the  portal  vein.  In  this  position  a  principal  islet  also 
occurs  in  the  small  closely  related  gunnell  (Pholis  gunnellus) 
and  this  has  been  carefully  examined  by  Rennie.  A  sufficient 
number  of  specimens  were  not  brought  to  the  station  from 
which  to  collect  principal  islets.  Zymogenous  pancreatic  tissue 
which,  mixed  with  a  considerable  amount  of  fat,  is  plentifully 
distributed  in  the  mesentery,  was  however  removed  from  sev- 
eral specimens  and  extracts  prepared  in  the  usual  way. 

Experiment  XV.  The  mesenteric  pancreas  from  zoarces, 
along  with  some  of  the  corresponding  tissue  from  several  spe- 
cimens of  sculpin,  yielded  10  cc.  of  extract,  which  was  all  in- 
jected into  a  small  albino  rabbit  (wt.  1.58  kg.). 

July  24  —  10.35  a.m.  —  0.104  percent  blood  sugar. 
Injection. 
12,15  p.m.  —  0.098  percent  blood  sugar. 
2.00      "     —0.113 
3.30      "     —0.140 

There  is  no  evidence  of  the  presence  of  insulin. 

Experiment  XVI.  The  mesenteric  pancreas  of  4  specimens 
of  zoarces  was  extracted  after  standing  in  alcohol  in  the  re- 
frigerator. The  final  extract  amounted  to  15  cc,  all  of  which 
was  injected  into  a  black  rabbit  (wt.  2.75  kg.). 

Aug.  12  —  10.50  a.m.  —  0.142  percent  blood  sugar. 
10.55      "     — Injection. 
11.25      "     —0.128  percent  blood  sugar. 
12.15  p.m.  — 0.107 
1.15      "     —0.106 

The  normal  blood  sugar  in  this  rabbit  was  unusually  high 
(probably  postprandial)  and  it  steadily  declined  during  the 
period  of  observation.  This  makes  it  difficult  to  decide  whether 
the  extract  had  any  hypoglycaemic  effect,  but  this  is  very 
unlikely  since  the  blood  sugar  never  went  below  the  level 
usually  found  to  be  the  normal. 

The  results  of  these  two  experiments  confirm  the  conclu- 
ision  already  drawn  from  the  experiments  on  Myoxocephalus 
and  Lophius,  that  the  zymogenous  pancreatic  tissue  of  the 
mesentery  does  not  contain  insulin.  We  must  await  the  his- 
tological report,  however,  before  drawing  final  conclusions. 
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A  number  of  observations  were  also  made  with  extracts 
prepared  from  other  sources  than  the  foregoing,  and  the  chief 
of  these,  in  so  far  as  they  relate  to  the  main  problem,  will 
now  be  briefly  reported. 

Liver  of  Myoxocephalus. 

Experiment  XVII.  Since  pancreatic  tissue  extends  in  many 
teleostei  into  the  liver,  an  extract  was  prepared  from  the  livers 
of  several  sculpin.  Pieces  were  also  set  aside  for  histological 
examination.  The  extract  took  considerable  time  to  evaporate 
because  of  the  large  amount  of  water  which  it  contained.  The 
injection  (10  cc.)  was  mad^  into  a  male  brown  rabbit  (2.7  kg.). 

July  26  —  12.10  p.m. —  0.122  percent  blood  sugar. 
12.15      "     —Injection. 
1.15      "     — 0.128  percent  blood  sugar. 
3.20      "     —0.132 

There  was  no  evidence  of  any  hypoglycemic  effect. 

Pancrea-s  of  Anguilla 

Experiment  XVIII.  In  the  eel  (Anguilla  vulgaris)  there  is 
a  fairly  dense  band  of  pancreatic  tissue  running  along  a  main 
branch  of  the  portal  vein  parallel  to  the  first  portion  of  the 
small  intestine.  No  principal  islets  could  be  seen  in  this  an- 
imal and  it  is  possible  that  the  islet  tissue  is  scattered  among 
the  zymogenous  as  in  the  Elasmobranchs  and  the  higher  ver- 
tebrates. An  extract  was  prepared  from  this  pancreatic  tissue 
removed  from  about  20  large  specimens  of  this  fish,  some  also 
being  taken  for  histological  examination.  The  tissue  was  kept 
for  some  days  in  alcohol  in  the  refrigerator,  and  the  final  ex- 
tract measured  7  cc,  all  of  which  was  injected  into  an  albino 
rabbit  (wt.  2.250  kg.)  that  had  been  injected  on  the  previous 
day  with  a  highly  potent  extract  of  dog  fish  pancreas  (see 
Experiment  VIII). 

Aug.  26  —  12.30  p.m. —  0.088  percent  blood  sugar. 
12.35      "     —Injected. 
2.50      "     —  Mild  convulsions  and  rabbit  semi-conscious. 
2.55      "    —  0.020  percent  blood  sugar. 
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3.45      "     —  Since  the  last  blood  sample,  the  rabbit  had  been 

comatose  with  occasional  convulsive  seizures. 

0.020  percent  blood  sugar. 
3.53      "     —  Injected  2  gm.  dextrose. 
5.03      "     —  The  rabbit  was  completely  recovered  and  an 

unsuccessful    attempt   was   made   to   obtain    a 

sample  of  blood. 

The  mesenteric  pancreatic  tissue  of  the  Eel  therefore  yields 
much  insulin.  The  relatively  low  normal  blood  sugar  of  this 
rabbit  may  have  been  due  to  a  prolonged  influence  of  the 
dog  fish  extract  that  was  injected  on  the  previous  day. 

Remarks. 

These  investigations  taken  as  a  whole  show  quite  clearly  that 
insulin  is  present  in  relatively  great  amounts  in  extracts  pre- 
pared from  the  pancreas  of  representative  Elasmobranch 
fishes  (Squalus  and  Raja)  and  from  the  principal  islets  of 
representative  Teleostean  fishes  (Myoxocephalus  and  Lophius) 
whereas  it  is  absent  in  extracts  of  the  mesenteric  pancreatic 
tissue  (zymogenous  cells)  of  the  last  mentioned  fishes  and  also 
of  Zoarces.  This  result  would  seem  to  afford  direct  proof  for 
the  hypothesis  that  insulin  is  derived  from  the  islets,  but  we 
must  await  the  report  of  the  histological  examination  of  the 
tissues  used  for  preparation  of  these  extracts  before  the  ques- 
tion can  be  considered  as  finally  settled.  When,  however,  this 
direct  proof  is  taken  along  with  the  indirect  evidence  referred 
to  in  the  introduction  to  this  paper,  the  case  for  the  insular 
hypothesis  becomes  very  strong  indeed. 

It  is  difficult  to  see  at  present  why  insulin  should  be  relati- 
vely so  abundant  in  the  fishes.  The  food  of  those  used  in  this 
investigation  consists  almost  entirely  of  smaller  fishes  or  crus- 
taceans, so  that  its  carbohydrate  content  is  relatively  low.  On 
the  other  hand  the  blood  of  both  the  cartilaginous  and  the 
bony  fishes  contains  reducing  sugar  in  ainounts  not  much, 
if  any,  lower  than  that  found  in  the  blood  of  mammals,  and 
there  are  often  large  amounts  of  glycogen  in  the  liver  (cf.  Kil- 
bour,  Lang  and  Macleod,  and  E.  L.  Scott^°),  all  of  which  would 
seem  to  indicate  that  carbohydrates  play  as  essential  a  part 
in  the  metabolism  of  fishes  as  they  do  in  that  of  mammals. 
It  is  difficult  to  see  where  this  carbohydrate  can  be  derived 
from,  unless  it  be  from  protein,  for  it  is  scarcely  conceivable 
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that  the  carbohydrate  ingested  from  vegetable  sources  by  the 
lowest  forms  of  aquatic  organisms  can,  after  transfer  through 
Crustacea  and  smaller  fishes,  serve  as  its  source  in  the  larger 
fishes.  Another  feature  of  many  fishes  is  the  remarkable  de- 
gree to  which  fat  (oil)  may  become  deposited  in  the  liver  and 
other  tissues.  Is  it  possible  that  the  transformations  from 
one  kind  of  proximate  principle  into  aiiother  is  regulated  by 
insulin? 

Quite  apart  from  their  theoretical  interest,  the  results  also 
have  a  practical  value,  for  they  show  that  insulin  can  be  pre- 
pared by  very  simple  and  inexpensive  methods  from  the  prin- 
cipal islets  of  certain  readily  available  fish,  Lophius  and  Myo- 
xocephalus.  This  possibility  had  previously  been  tested  by 
Rennie  and  Fraser,  who  failed  to  demonstrate  the  presence 
of  insulin  mainly  because  they  administered  the  islets  by  the 
mouth,  either  in  the  raw  state  or  as  saline  extracts.  We  know 
that  insulin  is  readily  destroyed  by  digestive  enzymes,  and  in 
yet  unpublished  researches  it  has  been  found  that  insulin  is 
inactive  when  given  by  this  pathway.  Before  insulin  prepared 
from  fishes  can  be  freely  used  for  therapeutic  purposes,  it  re- 
mains, of  course,  to  show  that  the  hypoglycsemic  effect  de- 
monstrated in  this  research  on  normal  rabbits  also  occurs  in 
diabetic  animals  and  in  man,  but  there  can  be  little  doubt 
that  this  will  prove  to  be  the  case,  and  it  will  be  tested  im- 
mediately. 

I  wish  to  express  my  thanks  to  the  Biological  Board  of  Can- 
ada for  placing  the  splendid  facilities  of  their  Atlantic  Station 
at  St.  Andrews  at  my  disposal  for  this  investigation,  and  to 
Dr.  Huntsman,  its  director,  for  his  courteous  assistance  and 
his  helpful  criticism  throughout  the  work. 

Conclusions. 

1.  Potent  insulin  preparations  were  readily  made  from  the 
pancreas  of  the  cartilaginous  fishes  —  the  dog  fish  (Squalus 
acanthias)  and  the  skate  (Raja). 

2.  Still  more  so  was  this  the  case  with  the  principal  islets 
of  Rennie,  which  are  found  in  many  of  the  bony  fishes,  the 
Angler  (Lophius)  and  the  sculpin  (Myoxocephalus).  Since 
these  are  readily  available  fishes,  they  may  serve  as  a  practical 
source  of  insulin. 
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3.  No  insulin  could  be  prepared  from  the  pancreatic  tissue 
proper  (zymogenous  or  acinar)  of  the  representative  bony 
fishes  (Lophius  Myoxocephalus  and  Zoarces). 

Although  the  anatomical  relationships  of  these  tissues  are 
still  somewhat  obscure,  the  above  results  afford  strong  direct 
evidence  for  the  hypothesis  that  insulin,  as  its  name  implies, 
is  derived  from  the  insular  and  not  the  zymogenous  tissue  of 
the  pancreas. 
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OBSERVATIONS  UPON  THE  BLOOD-FLOW  IN  MAN* 

11.    Estimation  of  the  Blood-Flow  Through  the  Hands  in  Clinical  Cases 


I 


By  N.  B.  Taylor,  M.B.,  Ontario,  Canada 


N  a  previous  paper^  were  reported  the  results  of  a  series  of  observations 
upon  the  blood-flow  through  the  hands  as  estimated  by  the  calorimetric 
method  of  Stewart.  The  calorimeter,  as  described  in  that  communication, 
was  designed  in  accordance  with  Stewart's  original  specifications.  It  con- 
sisted of  a  cylindrical  vessel  supported  in  a  vertical  position  and  admitted  the 
hand  through  an  opening  in  its  cover.  Since  there  was  no  provision  against 
the  leakage  of  water  between  the  felt  collar  and  the  wrist,  it  was  impossible 


Fig.    1.  Fig.    2. 

Fig.    1. — Showing  side   and   front   views   of   rubber   sleeve. 
Fig.    2. — Showing   calorimeters    in   use    in   the    laboratory. 

to  employ  the  instrument  in  any  position  but  the  vertical.  This  was  a  great 
disadvantage  in  the  employment  of  the  method  for  the  estimation  of  the  blood- 
flow  of  bed  cases  and  especially  of  those  seriously  ill.  It  was  found  most 
difficult  to  place  and  maintain  the  hands  in  the  proper  position  and  on  ac- 
count of  the  wddth  of  the  bed,  since  the  apparatus  must  rest  upon  the  floor 
on  either  side,  it  was  impossible  to  observe  the  flow  in  the  two  hands  simul- 
taneously. The  construction  of  the  apparatus  has  been  since  modified  in 
such  a  way  as  to  allow  of  its  being  placed  in  the  horizontal  position  without 
the  leakage  of  water  during  the  observation. 


*From    the    Physiological    Laboratory    of   the    L'nivcrsity    of    Toronto. 


DESCRIPTION   OF    CALORIMETER   AS    MODIFIED  FOR    CLINICAL   USE 

The  calorimeter  is  similar  in  general  construction  to  that  originally 
described,  consisting  of  an  inner  vessel  of  copper  insulated  by  broken  cork 
from  an  outer  one  of  galvanized  iron.  One  end  of  the  copper  vessel  is  pro- 
vided with  a  flange  over  which  a  rubber  sleeve  is  passed  and  kept  upon  the 
stretch.  The  rubber  sleeve  which  is  an  adaptation  of  an  appliance  previously 
employed  in  the  treatment  of  war  wounds^  encircles  the  wrist  and  is  espe- 
cially designed,  when  the  hand  is  in  position,  to  prevent  the  escape  of  water. 
It   consists   essentially   of   a  flange   of  thin   rubber    (Fig.   1)    reinforced   by 

Table  I 
Observations  Upon  Blood-Flow  by  Vertical  Method 


AVERAGE   BLOOD-FLOW    FROM 

A   SERIES    OF   OBSERVATIONS 

SUBJECT 

UPON  EACH   SUBJECT 

GRAMS  PER  100  C.C.  OF  TISSUE  PER  MINUTE 

RIGHT   HAND 

LEFT    HAND 

F.  G. 

B. 

9.3 

6.1 

B(a) 

8.0 

8.0 

C. 

B. 

12.0 

10.7 

B(b) 

6.2 

6.G 

B(c) 

12.0 

10.0 

H.  G. 

C. 

11.7 

10.8 

G. 

D. 

9.4 

9.6 

IL  S. 

F. 

14.1 

F. 

6.2 

5.3 

J. 

E. 

9.4 

9.8 

K.  M. 

H. 

4.1 

H(a) 

8.0 

H(b) 

6.5 

6.7 

D.  D. 

H. 

8.2 

6.7 

N.  R. 

H. 

8.3 

8.5 

K. 

H. 

9.5 

9.2 

A. 

4.2 

5.4 

I.  McC. 

4.9 

7.7 

E.  M 

J. 

7.1 

6.8 

J. 

12.6 

9.6 

J. 

L. 

10.5 

8.5 

McM. 

12.8 

M. 

7.5 

G. 

N. 

6.2 

4.8 

S.  U. 

P. 

6.4 

6.3 

M. 

R. 

7.5 

7.4 

R 

S. 

12.0 

S(a) 

3.7 

S(b) 

14.0 

10.7 

U. 

8.8 

5.9 

Average   of   entire   series   of   30   subjects    (R.    H.    8.6.)      Left   Hand    8.1. 


fingers  of  thicker  rubber  which  are  attached  to  a  thick  collar  of  the  same 
material  and  from  which  the  thinner  flange  also  arises.  The  free  ends  of 
the  supporting  fingers  are  tapered  and  blend  with  tlie  thin  feather-edge  of 
the  flange.  Such  a  construction  allows  of  a  perfectly  water-tight  joint  to  be 
established  about  the  wrist  and  yet  does  not  cause,  by  undue  constriction, 
any  interference  with  the  return  of  venous  blood  from  the  hand.  The  ap- 
paratus may  be  placed  horizontally  upon  the  bed  beside  the  patient  without 
the  fear  of  leakage.     Fig.  2  shoAvs  the  apparatus  in  use  in  the  laboratory, 


a  hinged  joint  allows   of  its  being  turned  into  the  vertical  position  -when 
required. 

In  preparing  to  take  an  observation  the  Avater  must,  of  course,  be  placed 
in  the  calorimeter  while  it  is  in  the  vertical  position.  The  hand  is  then 
inserted,  being  passed  through  the  sleeve  to  a  point  where  the  wrist  is  lightly 
gripped  by  the  edge  of  the  flange.  At  the  conclusion  of  the  observation  the 
apparatus  is  turned  into  the  vertical  position  while  the  hand  is  removed  and 
the  aperture  is  closed  by  a  cork  plug  covered  with  rubber  membrane.  The 
instrument  is  then  returned  to  the  horizontal  position  w^hile  the  readings, 
from  which  the  cooling  of  the  calorimeter  is  estimated,  are  taken. 

Table  II 
Observations  Upon  Blood-Flow  by  Horizontal  Method 


AVERAGE   blood-flow    FROM    A   SERIES    OF   OBSERVATIONS 

SUBJECT 

UPON  EACH  SUBJECT 

GRATIS  PER  100  C.C.  OF  TISSUE  PER  MINUTE 

LEFT   HAND 

H.  J. 

A. 

2.5 

J.  H. 

B. 

14.0 

C.  S. 

B. 

9.3 

H.  E. 

B. 

1.4 

J. 

B. 

8.4 

B. 

0.2 

D.  G. 

C. 

7.3 

C. 

4.3 

D.  V 

c. 

3.9 

D. 

7.4 

W.  R. 

F. 

11.4 

F. 

4.8 

A. 

H. 

1.5 

M.  A. 

H. 

8.0 

T. 

H. 

1.3 

J. 

J. 

7.1 

K. 

5.3 

J.  E. 

L. 

15.4 

McL. 

9.3 

M. 

8.6 

J.  E. 

M. 

12.3 

J.  R. 

X. 

5.9 

F.  R. 

P. 

11.5 

A.  E. 

R. 

9.1 

M.  S. 

R. 

6.3 

D. 

S. 

3.8 

w. 

6.3 

Y. 

9.8 
3.2 

B.  R. 

D. 

S.l 

Average  of  entire  series  of  30  subjects — Left   Hand   7.1. 

A    COMPARISON    OF   THE   RESULTS   OBTAINED   BY    THE   VERTICAL   AND    THE 
HORIZONTAL  METHODS 

Since  two  new^  features  which  might  have  an  influence  upon  the  blood- 
flow,  namely,  the  horizontal  position  of  the  limb  and  the  encircling  rubber 
flange,  were  introduced  by  the  modified  apparatus,  it  was  considered  desir- 
able to  compare  the  results  obtained  by  the  two  methods  in  a  large  series 
of  cases  (Table  I  and  II).    It  was  not  possible  except  in  a  few  cases  to  com- 
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pare  the  results  of  the  two  methods  when  employed  on  the  same  subject. 
The  average  blood-flow  of  a  group  of  individuals  as  estimated  by  the  vertical 
method  has  therefore  been  compared  with  the  average  in  another  group 
obtained  by  the  horizontal  method.  There  are  thirty  individuals  in  each 
group  and  several  observations  over  a  varying  period  of  time  were  taken 
upon  each  individual.  The  average  of  a  series  of  estimations  upon  each 
subject  has  been  taken  and  shown  in  the  columns  of  the  tables.  The  average 
of  the  entire  group  is  shown  at  the  bottom  of  the  respective  table.  The  gen- 
eral conditions  of  the  experiment  were  approximately  the  same  in  the  two 
series.  Observations  -were  taken  upon  the  two  hands  in  the  case  of  the 
vertical  method  but  in  the  employment  of  the  horizontal  method  the  obser- 
vations were  confined  to  the  left  hand.  A  comparison  of  the  flow  through 
this  hand  shows  higher  values  for  the  vertical  than  for  the  horizontal 
method,  being  8.1  grams  per  100  c.c.  tissue  per  minute  in  the  former  and 
7.1  grams  witli  the  latter  method,  a  difference  of  about  12  per  cent. 

SUMMARY 

1.  A  modification  of  Stewart's  calorimeter  by  which  the  blood-flow  may 
be  estimated  while  the  hand  is  in  the  horizontal  position  is  described. 

2.  The  results  obtained  by  the  two  methods  are  compared.  The  hori- 
zontal method  gives  values  12  per  cent  lower  than  the  vertical  method. 

The  author  wishes  to  express  his  thanks  to  Prof.  J.  J.  R.  Macleod  for 
his  help  in  this  research  and  to  Miss  Hearn  for  the  preparation  of  the  tables. 

Funds  for  this  research  were  furnished  by  the  Medical  Research  Committee 
of  the  Department  of  Public  Health,  Ottawa. 
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THE  EFFECT  PRODUCED  ON  DIABETES  BY 
EXTRACTS  OF  PANCREAS 


By  F.  G.  banting,  M.D.,  C.  H.  BEST,  M.A.,  J.  B.  COLLIP,  Ph.D. 

W.  R.  CAMPBELL,  M.D.,  A.  A.  FLETCHER,  M.D.,  J.  J.  R. 

MACLEOD,  M.D.,  and  E.  C.  NOBLE,  M.D. 

TORONTO,    CANADA 

(From  the  Physiological  Laboratory  and  the  Medical  Clinic  University  of  Toronto) 


In  the  final  report  of  his  investigations  on  the  effects  of  extir- 
pation of  the  pancreas  in  1893,  Minkowski^  does  not  speculate  as 
to  the  manner  of  action  of  the  gland.  He  considers  the  possibility 
that  the  pancreas  acts  in  some  way  on  the  organs  which  use  sugar 
so  as  to  set  free  the  "affinities"  by  which  these  attract  the  sugar 
molecules  prior  to  metabolizing  them.  Although  there  is  no 
mention  of  a  possible  internal  secretion  of  the  pancreas,  the  fore- 
going suggestion  implies  that  Minkowski  thought  one  might  exist; 
but  it  is  particularly  to  Hedon  and  Lepine  that  we  owe  the  now 
popular  hypothesis  which  definitely  supposes  this  to  be  the  case. 
Lepine  thought  that  he  could  show  that  this  hormone  develops 
its  function  by  causing  glycolysis,  and  that  the  blood  of  a  depan- 
created  animal  (and  also  of  a  diabetic  patient)  possesses  a  diminished 
capacity  to  break  down  sugar.  This  has  been  shown  to  be  incorrect. 
Hedon  sought  to  demonstrate  the  presence  of  the  pancreatic 
hormone  by  transfusing  blood  from  normal  into  depancreated 
animals.  He  found  that  this  diminished  the  glycosuria  of  the 
latter,  but  subsequent  investigations  showed  that  the  cause  was 
not  that  greater  consumption  of  dextrose  had  occurred,  but  that 
the  excretory  function  of  the  kidney  had  become  altered. 

1  Arch.  f.  exper.  Path.  u.  Pharm.,  1893,  xxxi,  85. 
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In  spite  of  the  failure  of  these  investigators  to  demonstrate  that 
the  diabetes  which  follows  pancreatectomy  is  due  to  the  removal 
of  some  pancreatic  hormone  that  is  essential  for  proper  utilization 
of  carbohydrate,  the  belief  has  steadily  grown  that  such  is  really 
the  case,  and  every  now  and  then  a  paper  appears  in  which  attempts 
are  described  to  demonstrate  its  presence.  Many  of  these  investi- 
gations have  been  of  doubtful  value  because  the  sugar  excretion 
by  the  urine  has  alone  been  studied,  but  more  recently,  since 
methods  have  become  available  for  measurements  of  the  percentage 
of  sugar  in  the  blood  and  the  respiratory  quotient,  more  definite 
results  have  been  obtained.  The  problem  has  been  to  see  whether 
changes  are  produced  in  the  blood  sugar  or  the  respiratory  quotient 
of  diabetic  animals  when  various  forms  of  extracts  of  pancreas  are 
administered. 

In  a  general  w^ay  it  may  be  said  that  although  results  indicating 
a  beneficial  influence  of  such  extracts  have  not  infrequently  been 
obtained  in  the  experimental  form  of  pancreatic  diabetes,  these 
have  not  been  considered  to  be  sufficiently  constant  or  definite 
to  warrant  intensive  study  of  the  problem  with  a  view  to  seeing 
whether  favorable  results  might  be  obtained  by  similar  treatment 
in  human  diabetes.  The  most  noteworthy  successes  have 
undoubtedly  been  obtained  by  Murlin  and  Cramer,  by  Kleiner, 
and  by  E.  L.  Scott. 

In  none  of  the  researches  referred  to,  with  the  possible  exception 
of  that  of  Scott,  is  there  any  indication  that  sufficient  attention 
was  given  to  the  possibility  that  the  uncertainty  of  the  action  of 
the  extracts  might  be  due  to  the  fact  that  these  must  usually  con- 
tain powerful  proteolytic  enzymes  which  could  digest  or  destroy 
any  internal  secretion  also  present.  One  of  us  (F.  G.  B.),  impressed 
with  this  fact,  undertook  to  reinvestigate  the  problem  by  using 
extracts  in  which  the  proteolytic  enzymes  were  reduced  to  a 
minimum.  It  was  decided  to  attempt  this  by  taking  advantage 
of  the  observation  made  first  of  all  by  D'Arnozan  and  Vaiclard,  and 
afterwards  confirmed  by  Sscobolew  and  by  W.  G.  MacAllum,  that 
ligation  of  the  pancreatic  ducts  is  not  followed  by  diabetes,  although 
apparently  all  of  the  acinar  cells  degenerate  and  disappear,  leaving 
intact,  however,  some  of  the  cells  of  the  islets  of  Langerhans. 


EXTRACTS   OF  PANCREAS   IN  DIABETES  3 

In  two  papers-  Banting  and  Best  have  described  in  detail  the  effects 
which  are  produced  on  the  metabohsm  of  sugar  in  completely 
depancreated  dogs  by  administration,  subcutaneously  and  intra- 
venously, of  extracts  of  the  residue  of  the  degenerated  gland  made 
at  ice-cold  temperature  with  either  isotonic  saline  or  weak  acid. 
Definite  reduction  of  the  percentage  of  blood  sugar,  lasting  for 
several  hours,  accompanied  by  a  marked  decrease  in  the  sugar 
excretion  in  the  urine  and  by  greatly  augmented  power  of  the 
animal  to  retain  injected  sugar,  was  observed.  The  extracts  lost 
their  potency  by  boiling  and  by  digestion  with  pancreatic  juice, 
but  retained  it  for  several  weeks  when  kept  in  neutral  reaction 
near  the  freezing-point.  Similar  extracts  of  other  organs  and 
tissues  did  not  have  these  effects;  except  slightly  in  one  case  with 
extract  of  thyroid  gland.  There  was  no  evidence  that  changes 
in  the  water  content  of  the  blood  were  responsible  for  the  lowered 
percentage  of  sugar. 

It  was  repeatedly  observed  that  the  animals  were  greatly  improved 
in  their  general  condition  by  satisfactory  injections  of  these  extracts, 
and  in  one  case  (in  which,  however,  whole  gland  extracts  were  used) 
life  was  prolonged  to  seventy  days  after  the  pancreatectomy, 
the  average  duration  without  treatment  in  our  experience  being 
within  fourteen  days  and  never  greater  than  twenty-one.  So  far 
as  could  be  judged  by  observation  of  this  animal  during  life  it  was 
completely  diabetic.  It  was  killed  by  chloroform  on  the  seventieth 
day  and  no  trace  of  pancreas  could  be  detected  by  naked-eye  post- 
mortem examination.  Serial  sections  of  the  duodenum,  however, 
revealed  a  small  isolated  nodule  of  what  appeared  to  be  pan- 
creatic tissue  embedded  in  the  mucosa.  Further  investigation 
of  the  longevity  of  diabetic  dogs  treated  with  extract  is  therefore 
necessary. 

The  success  obtained  by  using  extracts  of  degenerated  pancreas 
and  the  uncertainty  in  the  results  of  previous  workers  who  used 
extracts  of  intact  glands  seem  to  support  the  hypothesis  that  the 
active  principle,  whatever  it  may  be,  is  destroyed  by  the  proteolytic 
(autolytic)  enzymes  also  present  in  the  latter.  Encouragement 
was  therefore  given  to  seek  for  methods  by  which  the  destructive 

2  Journ.  Lab.  and  Clin.  Med.,  1922,  vii,  pp.  251,  664. 
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action  of  these  enzymes  could  be  circumvented  in  extracts  pre- 
pared from  slaughter-house  material.  Since  it  is  known  that 
active  trypsin  is  not  present  in  extracts  of  the  pancreas  of  the  fetus 
of  the  ox  until  the  fourth  month,  and  since  it  is  possible,  as  has 
been  supposed  by  Carlson  and  Drennan,  that  the  internal  secretion 
which  controls  carbohydrate  metabolism  appears  somewhat  earlier, 
simple  extracts  were  prepared  from  the  pancreas  taken  from  fetuses 
measiu-ing  about  40  cm.  or  less.  These  were  found  to  be  decidedly 
potent. 

iVt  the  same  time  the  trial  was  made  to  circumvent  the  de- 
structive action  of  the  proteolytic  enzymes  in  adult  gland  extracts 
by  using  alcohol  in  place  of  weak  saline  solution  as  the  extracting 
medium.^  Working  with  small  quantities  of  gland  one  of  us 
(J.  B.  C.)  succeeded  by  this  method  in  preparing  highly  potent 
extracts  that  contained  a  low  concentration  of  inorganic  salts,  no 
fats,  only  small  amounts  of  protein,  and  were  sterile  bacteriologically. 
The  clinical  cases  to  be  referred  to  later  were  treated  with  this 
extract  which  we  propose  to  call  "insulin."  It  is  apparently  quite 
harmless  both  to  laboratory  animals  and  to  man  when  given  in 
proper  dosage,  but  in  excessive  amounts  certain  toxic  sj^mptoms 
supervene.  It  is  partly  because  we  desire  to  determine  as  accurately 
as  possible  the  dosage  necessary  to  cause  these  effects  and  partly 
because  we  wish  to  furnish  the  description  of  a  method  for  the 
production  of  the  extract  in  bulk  and  of  constant  potency  that 
fiu^ther  details  of  this  part  of  our  work  are  at  present  withlield. 

Some  delay  has  been  caused  by  great  difficulties  encountered 
in  passing  from  small  scale  to  large  scale  production,  the  oppor- 
tunities for  undertaking  the  latter  being  generously  afforded  by 
the  Connaught  antitoxin  laboratories  of  the  University  of  Toronto. 
For  two  months,  although  apparently  the  same  procedure  was 
followed  as  in  the  small  scale  process,  it  has  been  found  impossible 
to  secure  extracts  on  the  large  scale  which  are  of  adequate  potency 
to  justify  their  use  in  clinical  practice. 

Seven  cases  of  diabetes  mellitus  have  so  far  been  treated  with 
the  extract  under  the  personal  supervision  of  two  of  us  (W.  R.  C. 

2  An  injection  of  an  acholic  extract  had  previously  been  made  by  one  of  us 
(F.  G.  B.)  in  a  diabetic  dog  with  the  result  that  the  blood-sugar  was  lowered  by 
about  25  per  cent. 
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and  A.  A.  F.),  and  the  preliminan^  results  have  been  pubUshed 
elsewhere.^  These  have  ghown  that  subcutaneous  injection  of 
insuHn  causes  the  blood  sugar  to  become  markedly  reduced  even 
to  the  normal  level,  with  disappearance  of  both  sugar  and  ketone 
bodies  from  the  urine.  Evidence  that  these  effects  depend  on  an 
improved  utilization  of  carbohydrate  in  the  body  was  obtained 
by  observing  the  respiratory  quotient.  In  two  severe  cases  this 
value  rose  decidedly  within  a  few  hours  after  giving  the  extract, 
a  result  which  confirms  that  of  similar  observations  on  a  diabetic 
patient  and  on  depancreated  dogs  in  the  laboratory,  the  details 
of  which  will  be  published  shortly.  Not  only  were  the  objecti%'e 
symptoms  of  diabetes  practically  removed  but  a  definite  improve- 
ment was  observed  in  the  general  condition  of  the  patients,  who 
also  reported  a  subjective  sense  of  well-being  and  of  increased 
vigor  for  a  period  following  each  injection. 

While  it  would  be  out  of  place  here  to  give  in  detail  an  account 
of  the  numerous  further  observations  which  we  have  recently 
made  on  laboratory  animals,  there  are  certain  of  them  which  we 
believe  should  be  alluded  to  partly  because  of  their  application  in 
the  control  of  the  method  of  preparation  of  the  extracts  and 
partly  because  of  tlie  light  which  they  throw  on  the  mechanism  of 
its  action. 

The  following  will  be  reported:  1.  The  effect  of  insulin  on  the 
blood  sugar  of  normal  rabbits  and  the  occurrence  of  convulsions 
when  this  falls  below  a  certain  level. 

2.  The  effect  of  insulin  on  rabbits  rendered  hyperglycemic  in 
various  ways. 

3.  The  effect  of  insulin  on  the  respiratory  quotient  of  depan- 
created dogs  and  of  diabetic  patients. 

4.  The  percentage  amounts  of  fat  and  glycogen  in  the  liver  and 
other  organs  of  diabetic  animals  and  the  effect  of  administration 
of  insulin  on  these. 

1.  The  Effect  of  Insulin  on  the  Blood  Sugar  of  Normal 
Rabbits  and  the  Occurrence  of  ComuLsiONS  AVhen  this  Falls 
below  a  Certain  Level.  In  rabbits  fed,  as  a  rule,  on  oats, 
subcutaneous  injection  of  from  2  to  10  cc  of  extract  causes  the 

'  Can.  Med.  Asso.  Journal,  March,  1922, 
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percentage  of  blood  sugar  to  fall  more  or  less  rapidly,  depending 
on  the  strength  of  the  extract.  This  has  made  it  possible  for  us 
to  determine  whether  or  not  the  various  steps  taken  in  the  puri- 
fication and  concentration  of  the  extracts  were  having  the  desired 
effect.  When  the  extract  is  inactive  the  blood  sugar  of  rabbits 
either  remains  constant  or  it  may  rise  somewhat.  As  a  result  of 
123  observations  in  which  the  blood-sugar  curve  fell  it  was  decided 
to  use  as  a  standard  of  dosage  the  amount  of  extract  necessary  to 
lower  the  percentage  of  sugar  by  50  per  cent  of  the  original  in  one 
hour,  but  this  basis  may  have  to  be  modified  later.  When  the 
blood  sugar  reaches  0.045  per  cent  in  a  vast  majority  of  cases  typical 
symptoms  make  their  appearance.  The  characteristic  feature  of 
these  is  that  the  rabbit  lies  on  its  side  in  a  more  or  less  unconscious 
state,  often  with  the  head  retracted,  and  at  the  slightest  stimulation 
(such,  for  example,  as  shaking  of  the  floor)  passes  into  violent 
convulsive  movements  which  involve  the  entire  body,  causing  the 
animal  to  throw  itself  about  violently  and  roll  over  sideways, 
always  in  the  same  direction.  In  other  cases  the  animal  continues 
to  lie  on  its  side,  but  the  extremities  contract  and  relax  as  in  run- 
ning. This  latter  type  of  convulsive  movement  may  apparently 
come  on  without  exciting  cause.  The  rectal  temperature  is  usually 
about  normal.  These  convulsive  seizures  recur  at  varying  intervals, 
the  animal  becoming  progressively  more  and  more  comatose  in 
the  intervals  between  them,  and  the  breathing  very  shallow  and 
rapid  and  frequently  periodic  in  character.  If  left  untreated  the 
animal  ultimately  dies. 

That  these  symptoms  are  related  in  some  way  to  the  lowering 
of  the  sugar  is  known  by  the  fact  that  subcutaneous  injection  of 
4  or  5  gm.  of  dextrose  is  followed  by  an  immediate  recovery,  the 
animal  sitting  up  and  becoming  perfectly  normal  in  its  attitude 
and  movements.  This  recovery  may  persist  or  the  convulsions 
may  reappear  after  an  hour  or  so,  and  v/hen  they  do  so,  recovery 
may  again  be  effected  by  injections  of  dextrose.  The  maximum 
of  blood  sugar  at  which  convulsions  were  observed  to  occur  was 
0.045  to  0.047  per  cent,  with  one  exception  at  0.067.  The  minimum 
at  which  no  convulsions  were  observed  was  0.037  per  cent.  The 
relationship  of  the   convulsions  to   the   degree  of  hypoglycemia 
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corresponds  remarkably  with  the  observations  on  Eck  fistula  dogs 
by  INIann,  and  they  undoubtedly  indicate  some  important  function 
between  the  sugar  of  the  blood  and  the  nutrition  of  the  nerve 
centers. 

2.  The  Effect  on  Rabbits  Rendered  Hyperglycemic  in 
Various  Ways.  For  these  experiments  most  of  the  rabbits  besides 
being  fed  on  oats  were  sometimes  given  cane  sugar,  so  as  to  make  sure 
that  a  large  quantity  of  glycogen  was  present  in  the  liver.  They 
were  then  injected  with  active  extract  and  shortly  afterward  were 
submitted  to  one  or  other  of  the  methods  usually  employed  for 
bringing  about  experimental  h^'perglycemia.  These  were  piqure, 
subcutaneous  injection  of  adrenalin,  carbon  monoxide  and  mechan- 
ical asph\^ia.  It  was  found  that  none  of  these  methods  produced 
hjT3erg]ycemia  in  the  injected  animals.  Occasionally  the  blood 
sugar,  previously  lowered  by  the  extract,  might  rise  somewhat  but 
never  to  anything  like  the  extent  ordinarily  observed.  Glycogen 
estimations  of  the  liver  after  the  experiment  showed  considerable 
quantities  present.  The  importance  of  these  results  depends  on  the 
fact  that  they  demonstrate  the  fundamental  action  of  the  extract  on 
carbohydrate  metabolism. 

3.  The  Effect  of  Insulin  on  the  Respiratory  Quotient  of 
Depancreated  Dogs  and  on  a  Diabetic  Patient.  This  part 
of  the  work  is  not  as  yet  complete,  but  sufficient  observations 
justify  us  in  stating  that  administration  of  cane  sugar  or  dextrose 
plus  extract  to  completely  depancreated  dogs  causes  the  respira- 
tory quotient  to  rise  much  higher  than  it  does  when  cane  sugar 
alone  is  used.  Thus  in  one  experiment  on  a  dog  forty-eight  hours 
after  pancreatectomy  ingestion  of  cane  sugar  caused  the  respiratory 
quotient  to  rise  from  0.64  to  0.67;  two  days  later  a  similar  cjuantity 
of  sugar  2J^ws  extract  caused  it  to  rise  to  0.85.  The  most  striking 
effect,  however,  was  obtained  on  a  diabetic  patient  observed  in 
the  laboratorj^;  cane  sugar  in  this  case  caused  no  rise  of  the  quotient, 
which  stood  at  0.75,  whereas  cane  sugar  plus  5  cc  extract  sub- 
cutaneously  raised  it  to  0.94  after  a  delay  of  a  little  over  two  hours. 
This  latent  period  in  the  effect  of  the  extract  seems  to  correspond 
to  a  certain  stage  in  the  lowering  of  the  blood-sugar  percentage, 
but  it  will  take  considerably  more  work  before  we  can  state  this 
relationship  precisely. 
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4.  The  Percentage  Amounts  of  Fat  and  Glycogen  in  the 
Liver  and  Other  Organs  of  Diabetic  Animals  and  the  Effect 
OF  Administration  of  Insulin  on  These.  In  confirmation  of 
Minkowski,  Cruickshank  and  others  we  have  never  found  more 
than  a  trace  of  glycogen  in  the  liver  of  completely  depancreatised 
animals  even  after  the  ingestion  of  large  quantities  of  sugar.  The 
heart,  on  the  other  hand,  contained  usually  about  1  per  cent, 
which  is  considerably  more  than  that  of  normal  animals.  Very 
different  results  were  obtained  when  extract,  as  well  as  cane  sugar, 
was  given;  thus  in  two  cases  12.58  per  cent  and  11.4  per  cent  of 
glycogen  were  found  in  the  liver,  with  0.725  per  cent  and  0.570 
per  cent  respectively  in  the  heart.  We  have  several  other  results 
of  a  similar  nature.  These  striking  differences  indicate  that  one 
effect  of  the  extract  is  to  stimulate  the  glycogenetic  function  of 
the  liver,  and  this,  coupled  with  the  fact  that  it  also  raises  the 
respiratory  quotient  in  an  hour  or  two  after  its  administration, 
suggests  the  possibility  that  carbohj^drates  can  be  utilized  in  the 
body  only  after  they  have  gone  tlu-ough  the  glycogen  stage.  The 
fat  has  also  been  determined  as  fatty  acid  in  the  liver  and  blood 
and  other  organs  with  significant  results;  thus  in  the  liver  of 
diabetic  animals  without  extract  the  percentage  of  total  fatty  acid 
in  three  cases  was  found  to  be  12.25  per  cent,  14.1  per  cent,  and 
9.9  per  cent.  In  two  animals  treated  with  extract,  on  the  other 
hand,  the  percentages  were  7.42  and  2.19.  The  total  fatty  acid 
in  the  blood  in  two  dogs  without  extract  was  1.21  per  cent  and 
1.12  per  cent,  whereas  in  two  animals  treated  with  extract  it  was 
0.33  per  cent  and  0.51  per  cent. 

While  these  observations  demonstrate  conclusively  that  the 
pancreatic  extracts,  which  we  employed,  contain  some  substances 
of  great  potency  in  controlling  carbohydrate  and  fat  metabolism 
in  normal  and  diabetic  animals  as  well  as  in  patients  suffering  from 
diabetes  mellitus,  we  cannot  as  yet  state  their  exact  value  in  clinical 
practice.  We  believe  that  dietetic  treatment  must  still  retain 
its  place,  but  we  expect  that  insulin  will  be  of  great  assistance 
in  carrying  the  patient  over  the  various  crises  which  are  so  frequently 
uncontrollable  by  other  means. 

Tha  extract  by  which  the  foregoing  observations  have  been 
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made  was  prepared  on  a  small  scale,  and  for  the  past  three  months, 
with  the  aid  of  the  Connaught  Laboratories,  we  have  been 
endeavoring  to  work  out  in  detail  the  preparation  of  large 
quantities.  In  this  part  of  our  work  we  have  met  with  serious 
difficulties,  but  these  we  believe  are  now  overcome,  and  we  hope 
in  the  near  future  to  be  in  a  position  to  publish  our  method  in 
detail. 


DISCUSSION 


Dr.  S.  Solis-Cohen,  Philadelphia,  Pa.:  Let  me  voice  my  admiration, 
and  I  believe  the  admiration  of  all  present,  for  this  extremely  valuable 
and  in  many  respects  remarkable  study.  The  idea  of  using  the  pancreas 
for  the  reUef  of  diabetes  has  been  in  the  minds  of  many  ever  since  the 
observations  of  Lancereaux  and  those  of  Mittkowsky,  but  success  has 
been  reserved  for  Dr.  MacLeod  and  his  associates.  I  can  appreciate  their 
work  the  better  for  having  been  among  those  who  have  long  vainly  tried 
to  find  the  road  to  the  goal  wliich  they  have  reached.  I  suppose  I  have 
been  worrying  the  life  out  of  a  certain  physiological  chemist  who  has  been 
working  upon  tliis  problem.  About  six  months  ago  he  thought  he  had 
succeeded ;  by  in  my  last  communication  from  him,  about  a  month  since, 
he  said  that  he  was  not  yet  ready  for  clinical  work. 

I  may,  however,  add  tliis  much  to  the  discussion :  At  the  Jewish  Hospital 
of  Philadelphia  we  have  been  using  in  my  service  for  the  last  five  years 
an  imperfect  preparation  of  the  pancreatic  enzyme,  or  hormone,  or  what- 
ever it  may  be.  Dr.  David  Kramer,  my  assistant  there,  is  at  present 
engaged  in  analyzing  the  results.  We  have  had  this  experience  repeatedly 
—  unfortunately  not  in  all  cases,  but  in  a  sufficient  number  to  encourage 
us  to  continue  the  use,  even  of  this  imperfect  substance,  and  to  make  us 
devoutly  wdsh  for  the  better  one  that  Dr.  MacLeod  has  now  found:  Upon 
admission  the  patient  is  so  dieted — only  in  very  rare  instances  starved — 
that  the  urine  becomes  sugar-free.  The  diet  is  then  gradually  increased 
until  the  limit  of  carbohydrate  tolerance  is  passed  and  sugar  recurs  in 
the  urine.  The  pancreatic  preparation  is  then  administered,  sometimes 
cutaneously,  sometimes  by  mouth.  The  diet  is  maintained  at  its  high 
level  or  even  augmented,  but  the  urine  again  becomes  sugar-free,  the  blood 
sugar  shows  corresponding  reduction  and  a  higher  lunit  of  carbohydrate 
tolerance  is  defmitely  established.  The  fact  that  this  higher  level  some- 
times persists  after  withdrawal  of  the  remedy  is  subject  to  different  inter- 
pretations.    It  is  a  fact,  but  I  \Aill  not  now  discuss  its  meaning. 

If  results  of  this  character  can  be  obtained — although  not  invariably — 
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with  an  inferior  extract  of  the  pancreas,  we  may  surely  have  high  hopes 
of  the  benefits  to  come  from  the  active  preparation  of  wliich  we  have 
heard  today. 

This  study  so  careful  and  comprehensive,  tliis  work  so  thorough  in  its 
execution  and  so  clear  in  its  presentation,  may  justly  be  called  epoch- 
making.    I  am  glad  that  I  have  been  privileged  to  hear  the  paper. 

Dr.  R.  T.  Woodyatt,  Chicago,  111. :  Having  heard  what  Dr.  MacLeod 
has  had  to  say  of  this  work  in  the  meeting  and  out  of  it,  I  am  convinced 
that  he  and  his  associates  have  actually  had  extracts  containing  the  active 
principle  of  the  internal  secretion  of  the  pancreas,  and  I  think  that  this 
work  marks  the  beginning  of  a  new  phase  in  the  study  and  treatment  of 
diabetes.  It  would  be  difficult  to  overestimate  the  ultimate  significance 
of  such  a  step.  Heretofore  we  have  managed  diabetes  bj^  providing 
dietetic  crutches.  Out  of  this  work  there  wiU  develop  in  time  a  specific 
treatment.  Apart  from  any  inunediate  effect  that  it  may  have  on  the 
treatment  of  a  single  disease  it  must  add  significantly  to  our  knowledge  of 
metabohsm  and  affect  our  thinking  about  the  general  problem  of  endocrine 
physiology.  I  move  that  the  Association  tender  to  Dr.  MacLeod  and 
his  associates  a  rising  vote  expressing  its  appreciation  of  their  achievement. 

Dr.  F.  M.  Allen,  Morristown,  N.  J.:  Undoubtedly  we  are  all  agreed 
in  congratulating  Dr.  MacLeod  and  liis  collaborators  upon  their  almost 
miraculous  acliievement.  Others  have  reduced  glycosuria  and  hyper- 
glycemia with  pancreatic  extracts.  I  have  done  so  myself;  but  the  obvious 
reason  why  these  experiments  have  proved  nothing  is  found  in  the  great 
toxicity  of  such  extracts,  so  that  the  animals  receiving  them  were  injured 
instead  of  benefited  and  the  fall  of  sugar  could  be  attributed  to  intoxication. 
If,  as  seems  to  be  the  case,  the  Toronto  workers  have  the  internal  secretion 
of  the  pancreas  fairly  free  from  the  toxic  material,  they  hold  unquestion- 
able priority  for  one  of  the  greatest  achievements  of  modern  medicine, 
and  no  one  has  a  right  to  divide  the  credit  with  them. 

In  the  animal  experimentation  which  we  have  begun  at  Morristown 
within  the  past  few  months  we  have  apparently  demonstrated  a  reduction 
of  diabetic  glycosuria  and  hyperglycemia  by  pancreaticoduodenal  serum 
in  contrast  to  the  negative  results  with  serum  from  systemic  blood.  I 
had  originally  hoped  to  attack  the  problem  in  this  indirect  way,  learning 
the  solubility  and  precipitation  reactions  of  the  hormone  in  the  relatively 
nontoxic  pancreatic  mixture.  This  investigation  may  perhaps  still  yield 
information  of  some  value,  even  though  it  has  been  forestalled  by  the 
remarkably  brilliant  success  of  the  Toronto  group. 

One  word  of  warning  may  be  proper  concerning  the  practical  possi- 
bilities: The  discovery  of  the  internal  pancreatic  secretion  is  not  equivalent 
to  a  cure  of  diabetes.    Unless  means  can  be  found  for  giving  the  extract 
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other\\ise  than  by  injection,  and  for  securing  more  prolonged  effects,  the 
practical  application  of  the  discovery  may  be  limited.  We  aU  hope  for 
some  practical  benefits  in  supplementing  the  present  diet  restrictions  and 
perhaps  in  acute  emergencies  such  as  coma,  but  the  facts  thus  far  kno-vvn 
do  not  warrant  any  expectation  of  discarding  diet  treatment  altogether. 

Dr.  J.  J.  R.  MacLeod  (closing) :  I  -wish  to  thank  the  Association  very 
much  in  the  name  of  my  associates  and  myself  for  this  very  encouraging 
reception  of  our  work.  In  regard  to  possible  dangers  in  the  use  of  the 
extract,  I  would  point  out  that  toxic  effects  are  undoubtedly  to  be  watched 
for.  At  the  same  time  the  patients  treated  by  us  were  decidedly  improved 
in  their  general  condition,  and  there  were  no  toxic  sj^nptoms.  One  of 
the  patients  (a  young  boy)  had  been  lying  in  bed  some  tinie  and  had  shown 
no  interest  in  anything.  Upon  injection  of  the  extract  this  condition 
changed  wonderfully :  The  boy  became  much  more  interested  in  his  envi- 
ronment and  he  showed  a  general  improvement  which  was  very  striking 
to  his  relatives. 

In  dogs  there  is  absolutely  no  doubt  of  the  beneficial  influence  of  the 
extract.  The  general  well-being  of  the  animal  improves,  the  eye  con- 
ditions become  changed,  the  animal  becomes  anxious  for  his  food  and 
runs  around  the  laboratory,  where  before  he  had  no  desire  for  food  and 
never  left  his  box. 
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As  a  preliminary  to  a  study  of  the  effect  of  insulin  on  the  blood  sugar 
of  the  rabbit,  it  was  decided  to  study  the  normal  variations  and  the 
effect  of  glucose  injections.  As  this  paper  was  being  prepared  for 
publication,  we  were  shown,  through  the  kindness  of  Dr.  E.  L.  Scott, 
a  copy  of  a  paper  on  the  same  subject  about  to  be  published  by  Scott 
and  Ford  (1).  These  authors  have  used  the  statistical  method  for  the 
interpretation  of  their  results  and,  following  them,  we  decided  to  use 
the  same  method  for  treating  our  figures.  As  our  results  agree  rathoc 
closely  with  theirs,  it  was  thought  advisable  for  both  papers  to  be  pub- 
lished together. 

Methods.  The  rabbits  used  were  all  in  a  healthy  condition;  those 
in  the  puerperium  and  the  later  stages  of  pregnancy  were  rejected. 
They  usually  gained  in  weight  during  the  course  of  the  experiments. 
When  not  in  use  they  were  kept  in  cages  in  which  there  was  always  a 
supply  of  oats  and  water.  On  the  morning  of  the  experiment  they  were 
taken  from  these  cages  and  were  not  fed  again  until  the  last  sample  of 
blood  was  taken,  although  they  were  allowed  access  to  a  dish  of  water. 
For  the  most  part  they  remained  sitting  quietly  in  one  place,  but 
occasionally  they  moved  from  one  part  of  the  table  to  another. 

Blood  was  obtained  by  cutting  the  marginal  ear  vein  and  allowing 
the  blood  to  drop  into  a  crucible  containing  a  small  amount  of  potassium 
oxalate.  The  rabbits  did  not,  as  a  rule,  resent  this,  and  remained  quiet 
while  the  sample  was  being  obtained.  It  might  be  remarked,  in  passing, 
although  we  do  not  give  figures  to  justify  this  statement,  that  we  do 
not  feel  that  emotion  causes  any  marked  change  in  the  blood  sugar. 
Whatever  rise  there  is  in  a  struggling  animal  we  think  is  due  to  asphyxia. 

The  sugar  was  estimated  by  the  method  of  Shaffer  and  Hartmann 
(2),  1  cc.  of  blood  being  used  for  each  determination. 
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The  sugar  for  injection  was  weighed  out  in  amounts  corresponding 
to  1  gram  and  2  grams  per  kilogram  of  body  weight.  It  was  dissolved 
in  distilled  water  and  made  up  to  a  volume  of  20  cc.  It  was  injected 
subcutaneously  in  two  equal  lots  in  each  subscapular  region.  Following 
this,  samples  were  taken  half-hourly  for  2  hours  and  then  hourly  for 
5  to  7  hours.  The  statistical  methods  employed  are  similar  to  those  of 
Scott  and  Ford. 

Results:  a.  The  normal  blood  sugar.  The  total  number  of  obser- 
vations of  normal  blood  sugar  is  157.  As  part  of  our  object  was  to  see 
if  any  variation  occurred  throughout  the  day  a  number  of  animals  were 
bled  at  hourly  intervals.  To  these  results  we  have  thought  it  legitimate 
to  add  values  for  animals  that  had  been  similarly  treated  except  for  the 
hourly  bleeding.  These  latter  in  no  case  amount  to  more  than  20  per 
cent  of  the  total  number.  The  highest  value  obtained  was  154  mgm. 
per  100  cc.  and  the  lowest  was  83  mgm.  The  arithmetical  mean  or 
average,  116  mgm.  per  100  cc.  and  the  median,  115  mgm.  per  100  cc,  are 
almost  identical.     We  have  expressed  the  dispersion  in  two  ways:  the 

: 

n  —  1 
where  a  is  the  standard  deviation,  d  the  individual  variations  of  each 
value  from  the  mean,  and  n  the  number  of  observations:  and  the 
probable  error  which  is  0.6745  a,  within  which  range,  for  a  curve 
following  the  probability  law,  half  the  values  should  fall. 

The  standard  deviation  for  this  series  is  12.2  and  the  probable  error 
8.2,  within  which  range  lie  69  and  66  per  cent  of  the  observations, 
respectively.  This  means  that  there  are  more  values  close  to  this  average 
than  one  would  expect  from  the  probability  law.  The  comments  of 
Scott  and  Ford  apply  here  except  that  in  our  case  the  majority  of  the 
observations  he  between  104  and  128  mgm.  per  100  cc,  the  limits  of 
the  standard  deviation. 

The  observations  have  been  put  in  the  form  of  a  frequency  curve 
(fig.  1).  This  will  be  seen  to  be  of  the  normal  type  and  fairly  symmet- 
rical. The  mean,  median,  range  of  standard  deviation  and  probable 
error  are  shown. 

'  The  reason  for  using  -\/^^ —  instead  of  ^  is  given  in  the  standard  works 

yn~l  \   n 

on  the  subject.     See  Tuttle — Theory  of  Measurevients,  1916,  p.  213.     This  standard 

deviation,  especially  when  the  number  of  observations  is  small,  is  larger  than 

that  obtained  by  the  other  formula. 
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The  values  were  then  tabulated  according  to  the  time  of  day  at  which 
they  were  obtained.  These  figures  are  given  in  table  1  and  are  plotted 
in  figure  2  which  also  gives  the  range  of  standard  deviation.  The 
interesting  point  is  the  slight  but  definite  fall  between  1  and  3  p.m. 
followed  by  a  rise  to  the  morning  value.  On  account  of  the  size  of  the 
probable  error,  however,  no  general  rule  can  be  formulated  regarding 
this,  although  it  can  be  said  that  a  number  of  rabbits  will  show  it.     As 


TABLE  1 
Series  I.     Normal  blood  sugars  throughout  the  day   (mgm.  per  100  cc.) 


Hour 

Number  of  observations  . . 

Mean 

Median 

Standard  deviation 

Number  within  this  range, 

percent 

Probable  error 

Number  within  this  range, 

per  cent 


9-10 

10-11 

11-12 

12-1 

1-2 

2-3 

3-4 

34 

25 

15 

15 

16 

19 

17 

118 

118 

120 

115 

112 

112 

114 

121 

120 

119 

114 

112 

111 

113 

18.0 

15.7 

10.7 

8.9 

7.5 

8.5 

13.6 

76 

68 

SO 

60 

50 

58 

71 

12.5 

10.6 

7.2 

6.0 

5.0 

5.0 

9.2 

68 

64 

66 

60 

32 

37 

47 

4-5 

12 
117 
1141 

14.4 

75 

9.7 

50 
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a  matter  of  fact,  about  half  of  those  examined  do  show  it.     There  is, 
on  the  whole,  a  fair  degree  of  constancy  throughout  the  day. 

h.  The  blood  sugar  following  subcutaneous  mjeciio?is  of  glucose.  Two 
series  were  run.  The  experiments  were  in  each  case  begun  between 
9  and  11  a.m.  In  series  II,  the  animals  (which  by  the  way  were  the 
same  as  used  for  the  normal  values)  received  0.8  to  1.0  gram  of  glucose 
per  kilogram  body  weight,  and  in  series  III  they  received  1.6  to  2.0 
grams  per  kilogram.  The  results  are  given  in  tables  2  and  3.  For 
purposes  of  comparison  with  the  results  of  Scott  and  Ford,  an  adjusted 
curve  is  given  in  which  a  number  is  added  algebraically  to  each  mean 
so  that  the  initial  mean  is  the  same  as  theirs,  viz.,  118  mgm.  per  100  cc. 
The  results  have  been  plotted  in  figure  3. 
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The  standard  deviation  for  the  initial  values  is  practically  the  same  as 
that  for  the  long  series  (I). 

A  comparison  of  the  curves  for  1  gram  dosage  reveals  a  great  similarity 
for  the  first  hour.  After  that  our  curve  falls  much  more  slowly  and 
does  not  show  any  hypoglycemia.  At  the  3-hour  period  the  lowest 
individual  value  is  114  mgm.,  the  average  is  the  same  as  the  initial 
average.  Our  series  is  smaller  than  that  of  Scott  and  Ford  and  it 
might  be  possible  that  a  larger  series  would  show  hypoglycemia,  but 
there  is  nothing  in  our  present  series  to  indicate  that  this  would  be  the 
case.  We  are  more  inclined  to  attribute  this  difference  in  the  curves 
to  the  difference  in  the  method  of  administration  of  the  glucose.  Our 
adjusted  curve  falls  to  normal  in  3  hours.  None  of  the  individual  curves 
reaches  the  initial  value  in  less  than  two  hours.  There  is  a  definite 
sccondarj^  rise  beginning  in  4  or  5  hours. 

Our  curves  for  the  2-gram  dose  are  quite  similar  to  those  of  Scott  and 
Ford.     In  neither  is  there  any  indication  of  hypoglycemia.     It  should 
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TABLE  2 
Series  II.    Glucose  in  dosage  0.8  to  1.0  gram 


RABBIT 

DATE 

WEIGHT 

DOSE 
PER 
KILO- 
GRAM 

NORMAL 

HOURS 

NUMBER 

1 

1 

li 

2 

3 

4 

5 

k-gm. 

47 

25/7 

1.97 

0.8 

142 

173 

146 

143 

132 

114 

140 

143 

38 

6/7 

3.74 

0.8 

121 

171 

163 

163 

144 

127 

131 

134 

49 

27/7 

1.9 

1.0 

126 

181 

168 

145 

136 

136 

117 

139 

50 

28/7 

2.4 

1,0 

124 

205 

193 

191 

155 

134 

124 

144 

Averages 

128 

182 

168 

160 

142 

128 

128 

140 

Standard  deviation 

9.4 

15.6 

19.4 

22.2 

10.1 

9.9 

9.8 

4.5 

Adjusted  curve  (-10 

) 

118 

172 

158 

150 

132 

118 

118 

130 

Probable  error 

6.3 

10.5 

13.1 

15.0 

6.9 

6.7 

6.6 

3.1 

be  pointed  out  that  the  magnitude  of  the  standard  deviation  for  the 
periods  up  to  3  hours  points  to  the  extreme  variabihty  of  the  reaction 
of  nonnal  rabbits  to  the  same  dose  of  glucose.  In  consequence  of  this 
it  is  almost  impossible  to  predict  to  what  height  the  blood  sugar  will 
rise  with  a  given  dose  of  glucose.  This  has  been  pointed  out  by  most 
writers  who  have  studied  these  curves  and  the  standard  deviation  merely 
records  this  fact  in  a  mathematical  way. 


TABLE  3 


Series  III.    Glucose  in  doses  1 .6  to  2.0  gram  kgm. 


0 

K 

is 

§5 
od 

a  M 

.3 

< 

K 
O 

z 

HOURS 

03  B 
5  Z 

i 

1 

IJ 

2 

3 

4 

5 

6 

7 

kgm. 

A 

4/6 

2.39 

1.6 

93 

174 

161 

157 

152 

115 

109 

92 

113 

112 

32 

28/6 

2.54 

1.8 

122 

186 

165 

158 

154 

148 

137 

149 

156 

146 

34 

27/6 

2.16 

1.8 

122 

217 

221 

218 

195 

141 

141 

142 

139 

136 

44 

17/7 

2.24 

1.8 

100 

180 

146 

141 

136 

130 

119 

128 

128 

40 

14/7 

3.2 

1.9 

112 

216 

191 

140 

122 

119 

109 

113 

106 

111 

41 

12/7 

2.1 

1.9 

122 

327 

331 

262 

200 

131 

112 

103 

143 

138 

45 

18/7 

1.38 

2 

93 

182 

179 

164 

116 

119 

116 

118 

120 

42 

13/7 

2.00 

2 

92 

223 

187 

175 

147 

116 

118 

111 

119 

122 

39 

10/7 

1.93 

2 

127 

109 
14.3 

270 

254 

216 

184 
44.0 

153 

132 

137 

131 

132 

124 

Avera 
Stand 

ges  . . . 

219 
50.2 

204 

57.8 

158 
25.2 

128 
11.9 

122 
12.6 

120 

18.8 

128 
15.9 

112 

ard  de^ 

iriatio 

ns  . . . 

19.7 

Adjusted  cui 

-ve  (4 

-9)  . 

118 

228 

213 

193 

167 

137 

131 

129 

137 

121 

Probable  err 

or  . . 

9.6 

33.9 

39.4 

29.6 

17.1 

8.0 

8.5 

12.6 

10.7 

13  3 
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Most  of  the  curves  do  not  return  to  the  initial  value  during  the  7 
hours  for  which  they  were  observed.  They  show  a  low  point  in  3  to 
5  hours  followed  by  a  secondary  rise.     In  one  case  a  value  within  10 
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per  cent  of  the  initial  was  reached  in  2  hours.  The  variation  in  the 
time  taken  to  reach  the  lowest  point  before  the  secondary  rise  is  thus 
quite  variable,  but  not  less  than  3  hours.  Finally  after  about  7  hours 
the  curve  reaches  a  value  which  is  close  to  normal. 
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SUMMARY 

1.  The  concentration  of  sugar  in  the  venous  blood  of  normal  rabbits, 
determined  by  the  method  of  Shaffer  and  Hartmann,  has  an  average  of 
116  mgm.  per  100  cc.  of  blood,  with  a  "probable  error"  of  8.2  mgm., 
within  which  range  66  per  cent  of  the  observations  recorded  fall. 

2.  When  readings  are  taken  throughout  the  day  a  certain  proportion 
of  rabbits  will  be  found  to  have  a  low  blood  sugar  between  1  and  3  p.m. 
followed  by  a  return  to  the  morning  value. 

3.  When  1  gram  glucose  per  body  weight  is  injected  subcutaneously 
into  rabbits,  there  is  a  sharp  rise  reaching  its  maximum  in  half  an  hour 
and  reaching  normal  in  about  3  hours.  This  is  followed  by  a  smaller 
secondary  rise.     Hypoglycemia  does  not  occur. 

4.  With  subcutaneous  doses  of  2  grams  of  glucose  the  rise  is  much 
greater  but  the  variation  in  the  height  to  which  the  curve  rises  is  also 
much  greater.  The  curve  then  falls  for  3  to  5  hours,  shows  a  slight  sec- 
ondary rise  and  returns  in  about  7  hours  to  a  value  near  the  normal. 

In  conclusion  I  should  like  to  express  my  thanks  to  Professor  Macleod 
and  Dr.  J.  Satterly  for  much  valuable  help. 
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THE  INFLUENCE  OF  THE  NUTRITIONAL  CONDITION 
OF    THE    ANIMAL    ON    THE     HYPOGLYCiEMIA 
PRODUCED  BY  INSULIN.    By  N.  A.  McCORMICK, 
J.  J.  E.  MACLEOD,  E.  C.  NOBLE  and  K.  O'BRIEN. 

{From  the  Department  of  Physiology,  University  of  Toronto.) 

The  hypoglycsemia  produced  by  insulin (i)  may  be  due  to  an  excessive 
removal  of  sugar  from  the  blood  by  the  muscles  or  other  tissues,  or  to  a 
shutting  down  of  the  supply  of  sugar  from  the  liver  while  the  tissue 
consumption  remains  unchanged(2).  Licreased  glycolysis  in  the  blood 
itself  is  apparently  not  responsible  for  it.  With  regard  to  excessive 
removal  by  the  muscles,  Hepburn  and  Latchford{3)  have  shown  that 
the  addition  of  insulin  to  the  fluid  perfused  through  the  isolated  heart 
of  the  rabbit  (and  cat)  markedly  accelerates  the  rate  at  which  the  per- 
centage of  sugar  becomes  diminished  in  this  fluid.  These  workers  could 
draw  no  conclusion  as  to  whether  the  sugar  disappears  because  of  its 
increased  utihzation,  or  because  of  its  condensation  into  glycogen  in  the 
heart,  but  since  the  respiratory  quotient  is  markedly  raised  when  insulin 
is  given  to  diabetic  animals  along  with  carbohydrate  food  (4),  it  seems 
likely  that  increased  utihzation  accounts,  in  part  at  least,  for  the  dis- 
appearance. 

It  was  thought  that  the  importance  of  the  sugar  supply  from  the 
liver  as  a  factor  controlling  the  degree  of  hypoglycsemia  might  be 
demonstrated  by  comparing  the  effect  of  insuHn  on  rabbits  having  an 
abundant  supply  of  glycogen  in  the  liver  (and  skeletal  muscles)  with 
that  on  others  from  which  as  much  glycogen  as  possible  was  removed. 
If  insulin  lowers  the  concentration  of  sugar  in  the  systemic  blood  by 
causing  increased  disappearance  of  glucose  in  the  muscles,  and,  assuming 
that  the  rate  of  glycogenolysis  in  the  liver  is  related  to  the  concentration 
of  blood  sugar,  we  might  expect  that  the  fall  following  insulin  would  be 
slower  in  an  animal  whose  liver  is  loaded  with  glycogen,  than  in  one 
whose  liver  is  practically  devoid  of  this  substance.  On  the  other  hand, 
if  insulin  acts  primarily  by  diminishing  the  output  of  sugar  from  the 
liver  through  stimulation  of  the  glycogenetic  function  {i.e.  the  building 
up  of  glycogen),  no  difference  would  be  likely  to  be  noticeable  in  the 
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rate  of  fall  of  the  blood  sugar  in  partially  starved  and  well-fed  animals, 
since  there  is  no  evidence  that,  within  certain  limits  at  least,  the  rate  of 
glycogenesis  is  dependent  upon  the  existing  glycogen  content  of  the 
liver  (5).  Another  purpose  of  these  experiments  has  been  to  see  whether 
it  is  advisable  in  the  physiological  assay  of  insulin  to  subject  the  animals 
to  a  prehminary  period  of  starvation. 

The  observations  have  consisted,  in  general,  in  a  comparison  of  the 
effects  of  insulin  on  rabbits  that  had  access  to  food  up  to  the  time  of 
injection,  or  were  starved  for  one  day,  or  were  starved  for  several  days 
and  injected  with  phloridzin  and  adrenalin.  The  last-mentioned  procedure 
was  adopted  since  it  has  been  shown  by  San  sum  and  Woody  att(6), 
working  on  dogs,  that  it  assures  a  thorough  depletion  of  the  carbo- 
hydrate reserves  as  judged  by  changes  in  the  respiratory  quotient. 

The  same  dose  relatively  to  body  weight  of  the  same  preparation  of 
insulin  was  given  subcutaneously  or  intravenously  to  the  animals  and 
the  time  of  the  onset  of  symptoms  (convulsions)  and  the  changes  in  the 
percentage  of  blood  sugar  noted.  Usually,  at  the  end  of  the  obser- 
vation, the  animal  was  killed  and  the  hver  removed  for  determination  of 
glycogen. 

Comparison  of  the  blood  sugar  in  rabbits  injected  tvith  the  same  dose 
of  insulin  either  subcutaneously  or  intravenously. 

The  results  are  shown  in  curve  form  in  Fig.  1 ,  in  which  the  ordinates 
represent  the  percentage  of  blood  sugar  (mgs.  of  sugar  in  100  c.c.  blood), 
and  the  abscissse  the  time  after  injection  in  minutes.  The  curves  drawn 
in  broken  lines  give  the  results  by  intravenous  injection,  and  those  in 
continuous  lines,  by  subcutaneous  injection.  The  numbers  after  each 
curve  indicate  the  grouping  of  the  animals,  those  with  the  same  numbers 
having  been  given  the  same  dose  of  insulin  (skate)  per  kg,  body  weight, 
and  being  in  the  same  nutritive  condition.  The  figures  marked  g  give  the 
percentages  of  glycogen.  Curves  1,  la  and  2,  2a  represent  the  results 
for  animals  that  were  starved  for  24  hours  preceding  the  administration 
of  insulin ;  3,3  a  and  4,4  a  for  animals  that  were  rendered  non- 
glycogenic  by  three  days'  starvation,  and  injections  of  phloridzin  and 
epinephrin;  5,  5  a  and  6,  6  a  for  well-fed  animals  that  were  also  given 
cane  sugar  by  stomach  tube  a  few  hours  before  the  insulin.  These  results 
are  also  shown  in  Table  I,  in  which  besides  the  actual  percentages,  the 
extent  of  the  absolute  fall  in  blood  sugar  at  varying  periods  after  the 
injections,  are  given. 
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Table  I.   Blood  sugar  in  mg.  per  100  c.c.  after  intravenous  and  subcutaneous 
injections  of  insulin. 


1,  la 

2,  2  a 

3,  3  a 
4,4  a 

5,  5  a 

6,  6  a 


Initial  blood-sugar 
Intra- 


122 
133 
110 
113 
175 
130 


Sub- 
cut. 

121 
120 
123 
111 
185 
190 


i  Hr. 


Intra- 
ven. 

42 
43 
61 
69 
100 
60 


Sub- 
cut. 

51 
71 
79 
84 
112 
80 


Intra- 
ven. 

41 

18* 

34 

64 

82 

60 


Sub- 
cut. 

16* 
21* 

58 
84 
87 
80 


Intra-      .Sub- 


60 

26* 
48 
100 
79 


30 
12 

38 
70 

78 
87 


53 
120 
126 


40 
65 

78 
82 


*  Convulsions  about  this  time. 
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Fig.  1.   See  text. 
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With  the  exception  of  6,  6  a  the  initial  percentages  of  blood  sugar 
of  each  contrasted  pair  of  animals,  are  sufficiently  close  together  to 
permit  of  our  taking  the  percentages  found  at  the  various  periods 
following  injection  as  safe  indices  of  the  effect  of  insuhn.  It  will  be  seen 
that  the  fall  in  blood  sugar  in  one  half-hour  was  greater  in  the  intra- 
venously injected  animals  in  all  the  experiments.    After  one  hour  the 
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values  were  markedly  lower  in  both  animals  of  three  pairs  (2,  3  and  5). 
In  three  pairs  (3,  4  and  6)  the  intravenous  was  well  below  the  sub- 
cutaneous, they  were  practical-ly  the  same  in  one  (5)  and  the  subcutaneous 
was  below  the  intravenous  in  another  (1).  In  the  subsequent  behaviour 
the  curves  of  each  pair  either  ran  very  much  alike  (2,  2  a,  3,  3  a,  4,  4a, 
6,  Qa),  or  the  curve  for  intravenous  injection  rose  more  rapidly  (1,  la, 
5,  5  a).  The  general  conclusion  which  may  be  drawn  is  that  there  is  no 
significant  difference  between  the  effects  of  subcutaneous  and  intravenous 
injection  of  insulin  except  that  the  fall  in  blood  sugar  during  the  first 
half-hour  and  the  subsequent  recovery  may  be  somewhat  more  rapid 
following  the  latter  method.  The  insulin  used  in  these  experiments  was 
prepared  from  the  pancreas  of  the  skate,  and  it  did  not  give  any  of  the 
colour  reactions  for  protein  (biuret,  Mi  lion;  xanthoproteic,  Hopkins- 
Cole).  It  is  possible  that  with  less  pure  preparations  containing  traces 
of  protein,  the  effects  by  subcutaneous  injection  might  be  more  definitely 
prolonged  than  by  intravenous. 

Comparison  of  the  effects  of  subcutaneous  injection  of  insulin  into  well-fed 
animals  and  into  others  in  ivhich  the  glycogen  stores  were  reduced  to  a 
minimum  by  phloridzin  and  epinephrin. 

The  results  of  three  experiments  of  this  category  are  given  in  Fig.  2, 
in  which  comparison  is  made  between  rabbits  with  practically  no  gly- 
cogen in  the  fiver  and  others  with  abundance  of  this  material.  The  dose 
of  insufin  per  kilo  body  weight  was  the  same  in  each  pair  of  animals.  It 
is  plain  that  glycogen-rich  animals  withstand  insulin  much  better  than 
glycogen-poor,  both  when  judged  by  the  behaviour  of  the  blood  sugar 
curves  and  the  incidence  of  convulsions. 

The  experiments  are  arranged  in  pairs  in  the  order  from  above  down- 
wards of  the  strength  of  the  dose  of  insufin  given,  as  judged  from  the 
behaviour  of  the  curves.  In  No,  I,  which  shows  the  effects  of  a  strong 
dose,  convulsions  (C)  occurred  in  both  animals,  but  these  appeared  an 
hour  earlier  in  the  starved  than  in  the  fed  animal,  and  the  blood  sugar 
was  decidedly  below  the  -045  level  when  they  were  observed  to  occur. 
It  was  also  noted  in  this  and  other  experiments  that  the  behaviour  of 
the  animals  between  the  convulsive  seizures  was  quite  different  according 
to  whether  they  were  fed  or  starved.  The  starved  animals  lay  in  a  more 
or  less  unconscious  condition  and  became  progressively  weaker  and 
weaker  with  increasing  coma,  while  the  fed  animals  usually  recovered 
•  remarkably  and  often  were  able  to  hop  about  in  a  tolerably  normal 
manner  between  the  convulsive  seizures.  The  ultimate  behaviour  was 
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also  different;  it  continued  to  fall  almost  to  vanishing  point  in  the 
starved  animals,  whereas  it  increased  in  the  animals  that  were  well  fed. 


Fed 

yj-Q^      (M    no    /SO  :ifo  ifc  36o 


iStarved 

a       jo     no    /go    2*10    3f0    3io 


°-'-g^-^^M--Kf-i 


Fig.  2.  Blood  sugar  curves  following  the  subcutaneous  injection  of  varying  doses  of  insulin 
into  well-fed  and  starved  rabbits.  The  glycogen  content  of  the  liver  is  indicated  by 
the  figures  marked  g.  Abscissae — hours  after  injection.  Ordinates — mg.  sugar  per 
100  CO.  blood. 

In  No.  II  the  dose  of  insulin  was  much  less.  It  had  no  (immediate) 
effect  on  blood  sugar  and  caused  no  symptoms  in  the  fed  animal,  whereas 
it  caused  a  rapid  and  marked  fall,  with  convulsions,  in  the  starved  one. 
These  appeared  a  considerable  time  after  the  blood  sugar  had  reached 
the  convulsive  level.  This  animal  was  characterised  as  being  very  weak. 
The  importance  of  this  observation  in  the  assay  of  comparatively  weak 
preparations  of  insulin  will  be  evident. 

In  No.  Ill  the  first  doses  of  insulin  had  no  effect  on  either  animal  and 
it  was  given  again  in  larger  dosage  2|  hours  later.  It  was  therefore  a 
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very  feeble  preparation  and  caused  only  a  slight  fall  in  the  case  of  the 
starved  animal. 

The  observations  of  this  group  are  of  interest  mainly  because  they 
show  that  the  reaction  of  animals  to  small  doses  of  insulin  depends  con- 
siderably on  the  extent  of  the  glycogen  reserves  and  that  doses  effective 
for  non-glycogenic  animals  may  have  no  effect  on  glycogen-rich  animals. 
It  should  be  pointed  out  however  that  although  the  doses  were  the  same 
per  kilo  body  weight,  the  starved  animals  were  much  hghter.  The 
possible  significance  of  this  will  be_  discussed  later. 

Comparison  of  the  effects  on  variously  fed  rabbits  of  intravenous 
injections  of  a  strong  preparation  of  insulin. 

The  results  of  these  observations  are  shown  graphically  in  Fig.  3. 
The  curves  represent  the  blood  sugar  percentages  after  injecting  the 
same  dose  per  kg.  body  weight  of  a  very  strong  preparation  of  insulin, 
and  they  are  grouped  in  three  series.  A,  B,  and  C.  The  absolute  fall  in 
blood  sagar  occurring  during  the  first  hour  followng  insulin  for  each 
animal  is  also  shown  in  Table  II. 

Table  II.   Rabbits  starved  1  day. 

A.  -G  c.c.  per  kg.  insulin  intravenously. 

Wt,  kg 1-61  1-7H  1-93  2-44  -84  1-66 

Initial  B.S.  (p.c.)...  -109  -138  -109  -125  094  -098 

Fall  in  I  hour  (mg.)         72  80  ol  43  57  68 

B.  -3  c.c.  per  kg.  insulin  intravenously. 

Wt,  kg 1-91       ,      1-45  1-45  1-65 

Initial  B.S.  (p.c.)...  -120  -122  -143  -143 

Fall  in  1  hour  (mg.)         66  69  73-5  100 

C.   Rabbits  starved  3  days  plus  phloridziii  and  epinephrin. 
•3  c.c.  per  kg.  insulin  intravenously. 

Wt,  kg 1-62  1-71  1-66  1-58  1-53  1-55  2-10 

Initial  B.S.  (p.c.) ...  -107  -116  -118  -092  -110  -103  -094 

Fall  in  1  hour  (mg.)       60  76  64  60  72  50  44 

In  the  observations  of  Group  A  the  animals  were  starved  for  one  day 
and  '6  c.c.  insulin  per  kilo  body  weight  was  injected.  In  five  out  of  the 
six  animals,  the  blood  sugar  curve  descended  at  about  the  same  rate, 
and  convulsions  occurred  in  all  the  animals  at  the  time  indicated  by  6* 
on  the  curves.  It  will  be  observed  that  they  did  not  occur  until  some  time 
after  the  percentage  of  blood  sugar  had  fallen  decidedly  below  -045,  at 
which  level  they  are  usually  observed  when  the  hypoglycsemia  develops 
more  gradually.  It  is  only  in  Exp.  A  that  the  blood  sugar  was  at  about 
this  level  when  the  symptoms  appeared. 
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A.   Starved  1  day 
06  c.c.  Insulin 


B.    Starved  1  day 
0-3  c.c.  Insulin  per  kilo 


C.    Starved  3  days  plus 

Phloridzin  and  Adienalin 

0-3  c.c.  Insulin 


60   120  180   60   120  180   60   120  180  3.40  300  560  420  60  I^IO  60  lao  180 
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l*'ig.  3.  Blood  sugar  curves  following  the  intravenous  injection  of  insulin  in  amounts  per 
kilo  body  weight  indicated  at  the  top  of  each  group  of  observations  A,  B  and  C. 
g  indicates  the  percentage  of  glycogen  found  present  in  the  liver.  Abscissae — hours 
after  injection.   Ordinates — mg.  sugar  per  100  c.c.  blood. 
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The  explanation  may  be  that  the  cell  changes  which  are  immediately 
responsible  for  the  occurrence  of  the  convulsions  and  which  are  the 
result  of  a  lowering  of  the  anaount  of  glucose  dissolved  in  the  tissue  fluids 
(tension  of  glucose)  have  not  had  time  to  become  estabhshed.  As  pointed 
out  by  Barany  in  a  recent  demonstration  before  the  American  Physio- 
logical Society  the  convulsions  produced  by  insuhn  are  an  exaggerated 
form  of  those  which  are  produced  in  normal  animals  by  turning,  and 
must  therefore  indicate  changes  in  the  labyrinthine  mechanism.  The 
exact  nature  of  the  change  which  is  responsible  for  the  irritation  of  this 
mechanism  remains  to  be  investigated;  all  we  can  state  at  present  is 
that  it  is  apparently  related  to  the  decrease  in  the  percentage  of  glucose 
in  the  blood  and  it  is  possible  that  when  this  occurs  rapidly,  as  in  the 
experiments  of  the  present  group,  it  reaches  a  lower  level  before  toxic 
substances,  which  are  normally  prevented  from  accumulating  because 
of  the  presence  of  a  certain  intracellular  "tension"  of  glucose,  become 
developed.  So  far  it  has  not  been  possible  to  detect  any  lesions  in  the 
central  nervous  system  by  post  mortem  examination.  In  every  one  of 
the  animals  of  this  group  subcutaneous  administration  of  4  gm.  glucose 
was  followed  by  rapid  recovery  from  convulsions,  and  the  animals  were 
returned  to  the  pens. 

In  Group  B  the  curves  show  the  blood  sugar  in  rabbits  starved 
during  one  day  and  then  injected  intravenously  with  half  the  dose  of 
insulin  given  those  of  Column  I  (viz.  -3  c.c.  per  kg.).  The  difference 
between  the  results  of  A  and  B  is  mainly  with  regard  to  the  incidence 
of  convulsions.  In  only  two  cases  of  the  latter  group  were  these  observed 
and  they  were  of  a  mild  form  in  contrast  to  those  of  Group  A.  The  onset 
of  these  symptoms  was  also  delayed.  With  this  exception,  however, 
there  is  210  contrast  in  the  immediate  results  following  injection  of  -3 
and  of  -6  c.c.  of  the  same  preparation  of  insulin,  which  would  indicate 
that  so  far  as  the  initial  rate  of  decHne  of  blood  sugar  is  concerned  a 
moderate  dose  has  the  same  efiect  as  an  excessive  one.  The  point  of 
distinction  between  the  moderate  and  excessive  doses  is  more  particularly 
with  regard  to  the  duration  of  their  action.  In  the  observations  of  Group 
A  the  sugar  continued  to  decline  up  to  the  second  hour  after  giving 
insuhn,  whereas  in  those  of  Group  B  it  had  usually  begun  to  rise  per- 
ceptibly by  this  time. 

In  Group  C  the  effect  of  -3  c.c.  insulin  is  shown  in  animals  after  more 
complete  removal  of  the  glycogen  stores  by  the  use  of  phloridzin  and 
adrenalin.  Compared  with  the  results  on  animals  that  were  merely 
starved  (B)  the  main  difference  seems  to  be  with  regard  to  mortahty 
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(not  indicated  in  the  curves).  Five  of  the  seven  animals  died,  four  of 
them  within  two  hours  of  giving  the  insuhn.  The  remaining  two,  however, 
showed  complete  recovery,  the  blood  sugar  returning  to  -143  p.c.  in 
428  minutes  in  one  of  the  animals,  and  to  -086  p.c.  in  440  minutes  in  the 
other.  Since  there  were  only  traces  of  glycogen  in  the  livers  of  these 
animals  the  mobilized  sugar  was  presumably  derived  from  protein. 

Two  facts  of  importance  in  connection  with  the  physiological  assay 
of  insulin  are  brought  to  light  by  these  experiments,  namely  that  neither 
the  incidence  of  convulsions  nor  the  percentage  of  blood  sugar  can  be 
depended  upon.  With  regard  to  the  latter  it  is  to  be  noted  that  although 
the  same  doses  of  insulin  per  kilo  body  weight  were  injected  the  extent 
of  the  falls  in  blood  sugar  were  not  uniform  even  when  animals  of 
exactly  the  same  weight  were  used.  In  a  general  way  it  is  true  in  each 
of  the  groups  that  the  fall  was  less  in  the  heavier  animals,  but  there  is 
obviously  no  definite  relationship  between  body  weight  and  susceptibility 
to  insulin. 

Comparison  of  the  initial  fall  and  the  rate  of  recovery  of  blood  sugar 
after  injecting  insulin  intravenously  into  starved  and  well-fed  rabbits. 

The  observations  recorded  in  the  preceding  part  of  this  paper  led  us 
to  consider  that  it  would  be  of  value  to  repeat  those  of  intravenous 
injection  under  more  strictly  controlled  conditions  and  with  more  fre- 
quent measurement  of  blood  sugar,  partly  in  order  to  determine  the 
degree  of  accuracy  that  might  be  attained  in  the  physiological  assay  of 
insulin  by  measurements  of  the  blood  sugar  and  partly  to  throw  some 
light  on  the  nature  of  the  factors  involved  in  the  decline  and  subsequent 
recovery  in  blood  sugar.  Three  groups  of  experiments  were  performed 
and  the  results  are  shown  in  Figs.  4,  5  and  6.  In  each  of  the  first  two 
groups,  varying  doses  of  insulin  were  given  to  fed  or  moderately  starved 
animals  and  in  the  third,  equal  doses  were  given  to  animals  that  were 
either  fed  on  a  large  excess  of  carbohydrate  or  were  rendered  glycogen- 
free  by  injections  of  epinephrin.  The  insuhn  used  for  each  group  of 
experiments  was  different  but  it  was  the  same  for  the  different  observa- 
tions of  each  group. 

The  curves  of  Fig.  4  show  the  behaviour  of  the  blood  sugar  in  fifteen 

rabbits  that  were  allowed  food  (oats  and  hay)  up  to  the  time  insulin 

was  injected  in  varying  amounts  which  are  indicated  at  the  end  of  the 

curves  by  figures  giving  the  c.c.  per  kilo  body  injected  in  each  case^. 

^  The  letters  after  the  figures  are  for  reference  to  the  notes  and  the  figures  along  the 
curves  give  the  body  weights  in  kilograms. 
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The  most  outstanding  feature  of  the  results  is  that  the  fall  in  blood  sugar 
is  practically  the  same  in  all  cases  during  the  first  30  minutes  of  the 


i.   ;o    T  ao  IS  it  3r  ^0  hs  So   is  QC  i    10   ij-  xo  if  ^lo  ar  jh,  h-j  sq    a  (.(>  f  ,f,  ,f 


Fig.  4.  See  text.  The  weights  of  the  animals  are  given  by  the  figures  part  way  along  the 
curves.  Abscissae— minutes  after  injection  of  insulin.  Ordinates— mg.  sugar  per 
100  c.c.  blood. 


observations.  Indeed  there  are  only  three  notable  exceptions  to  this, 
viz.  l/jg  with  a  dose  of  -5  c.c.  and  the  two  observations  of  M^^  with  1-5  c.c. 
each.  It  will  further  be  seen  that  in  most  cases  the  lowest  level  was 
also  attained  at  this  time  and  that  the  recovery  which  followed  was 
markedly  irregular,  so  that  in  60  and  90  minutes  after  the  injections, 
the  curves  are  spread  over  a  much  wider  range  than  after  30  minutes. 
The  parallelism  of  the  curves  for  the  first  half-hour  shows  quite  plainly 
that  there  can  be  no  relation  between  the  dose  of  insuhn  and  the  per- 
centage of  blood  sugar  at  this  stage,  but  if  we  assume  that  the  rate  of 
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recovery  is  dependent  in  part  at  least  on  the  amount  of  insulin  given, 
it  becomes  important  to  see  whether  the  levels  at  60  or  90  minutes 
might  bear  a  satisfactory  relation  to  the  dosage.  This  is  done  in  Table 
III,  in  which  the  values  in  60  and  90  minutes  are  subtracted  from  those 
of  the  initial  blood  sugar  and  then  calculated  as  a  percentage  of  the 
latter.  It  is  clear  that  no  satisfactory  relation  exists  between  dosage  of 
insulin  and  blood  sugar  in  recently-fed  animals. 

Observations  on  animals  starved  for  24  hours  are  shown  in  Fig.  5. 


Fig.  5.  Blood  sugar  curves  in  starved  rabbits  following  the  intravenous  injection  of  the 
doses  of  insulin  per  kilo  body  weight  indicated  by  the  figures  towards  the  end  of 
each  curve.  The  figures  immediately  in  front  of  those  of  dosage  give  the  weights  of 
the  animals.  Abscissae — minutes  after  injection  of  insulin.  Ordinates — mg.  sugar 
per  100  c.c.  blood. 

The  insuKn  was  used  in  doses  varying  from  -25  c.c.  per  kilo  to  2  c.c, 
the  last- mentioned  dose  being  sufficient  to  cause  convulsions  in  certain 
of  the  animals.  It  will  be  seen  that  the  initial  falls  in  blood  sugar,  as  in 
the  previous  group,  are  similar  for  the  varying  doses  administered  the 
minima  being  reached  a  little  later  than  in  the  fed  animals.  Comparison 
of  the  extent  of  the  fall  in  the  blood  sugar  is  made  in  Table  IV  after 
60  and  90  and  120  minutes,  and  it  is  evident  that  although  the  relation 
between  dosage  and  the  blood  sugar  values  is  somewhat  closer  than  in 
the  observations  on  fed  animals  it  is  not  sufficiently  close  to  be  useful 


INSULIN  HYPOGLYCMMIA. 


245 


CJ  05  0 

10  Ti< 

/   -H    -t<   t- 

0  CO 

,-H  00      l> 

00 

00 

'       '       '       GO 

CO 

L'J 

»o 

t~-   10  C-l 

0  1^ 

MCB  t^ 

r-  CO 

-7!  0  0    •?: 

9  ? 

Oi 

'     '     '     -ri 

CO 

10 

-* 

(M  -*  CO 

-M  0 

(M  T+i  t^ 

r^  10 

0 

■71  0  0 

0  9 

0 

"      '      '       -t< 

,__, 

CO 

'-D 

-* 

(M 

"3 

a 
•3 

— 1  fO  00 

CO  "C' 

(M  0  10 

f,  -t( 

•^H  0  0     CO 

99 

s;l 

ca 

"     '     ■     r- 

r-- 

T) 

■* 

CO 

r* 

l=H 

C5  (M  l> 

0  05 

m  0 

.S 

^f-l  0  0      LO 

99 

^H 

■    ■    ■    6 

4 

3 

i> 

0 

r-<  o« 

•*  t^ 

«4H 

r 'T*  0  0  c-i 

CC  CO 

0 

99 

CO 

OQ 

'   "   ■    -fi 

0 

m 

-* 

CO 

0 

T3 

ot:-M 

r^  C5 

§" 

*>!  »C  CO 

CO  "O 

6C 

'7<  0  0    0 

00 

M 

'      '      ■      '>! 

10 

C5 

l> 

cJ 

COiM  Tj< 

C-J  -^ 

u 

in 

rH  00  eo 

0  --I 

i, 

!» 

ryi  00     CO 

06 

pHO 

CO 

"ce 

3 

'      '      '      00 

3 

CI 

w 

0 

g 

CO  10  M 
^— 1  GO  M 

•S 

UO  CO 

a 

0  -^ 

S 

0 

-T*  00     Oi 

^ 

)=.o 

ft 

CO 

l> 

05 

,_4 

6C 

^4 

S^ 

u 

■—1 

<-t 

-2 

Oi 

.a 

E^ 

< 

-*  t-  t- 

•^ 

cS 

r^  0  0      C;l 

1 

•*3 

-h 

1 

cd 

0 

0 

0  0  CO 

eoo5  Tt< 

•-* 

r-HOO      t- 

0.    1 

1 

m 

fO 

' 

' 

•73 

CO 

0 

^ 

-H  -*  t- 

C^l  05 

3 

( 

-H  t-.  CO 

00  C-l 

-7100    CD 

99 

f^ 

CO 

CO 

CO 

'M 

-1^ 

0 

^ 

1 

CO  0  CO 

t^  CO 

Stt 

TlICO  -H 

.—  ■M 

H 

db 

4i) 

rt    rt    0        -H 

'      '      '       05 

CO 

HH 

'— ' 

1— 1 

0 

HH 

d 

(M  CO  CO 

S 

'? 

CO    F-H    ,-1 

-     1 

t 

m 

'71 

1 

1 

< 

H 

V 

0  10  10 

CO  CO  01 

, 

^F-H    0        CO 

^. 

1 

. 

/-t^  (N  10      r-H 

CO  ■*   0 

1  1 

1 

_^0  j  0  lO  lO     IC 

»0  »0     lO 

1  1 

1 

^J 

t3                    CO 

fl;i 

5s,        CO  0  CO     CO 

l>  05     CO 

1  1 

1 

"*  '     V  0  CO  -*      -* 

0  ■*     -* 

1  1 

1 

■"^ 

CO 

Sb    /-  OJ   —   r-<       -H 

t-  ic    r- 

t- 10 

00 

rp 

-^       ^  'M  C5     X 

CO  tr-    CO 

Tti  CO 

'0 

2 

CJ    ^ 

0 

"  1            '^ 

01 

00 

-t 

'?       0  01  00     CO 

t-  CO   Ci 

0  iC 

^ 

(M 

rH     >■— <  CO   TtH      Tt* 

CO  Tfl     CO 

t-  CO 

CO 

TJ 

<o 

> 

s 

10 

CD  10     5<< 

M  a 

CO 

^      (M  Tin  0     0 

'^  I>     CO 

Tji  1-- 

CO 

tc 

c;    ^ 

fS 

CJ    - 

cS 

.ol                •-? 

'^ 

1.0 

a 

c^i     00  00  0    'O 

^  r-    CO 

-*  ■n< 

^ 

'S 

^    I  0  Tj*  CO     >o 

CO  Tjt      Tt< 

^n 

CO 

<1 

<M 

o> 

_d 

'  <M  00  Tj*      t^ 

ic  c»   6 

1    1 

1 

^ 

— 1  TJH  CO     10 

LO  lO    >o 

1    1 

I 

3 

'"^ 

.3 

«;l 

<M 

'o 

60 

CD  C5  t-     CO 

0  t^     CO 

1    1 

1 

(M  10  CO     'O 

IC  CO    10 

1    1 

1 

m 

0 

0  ■, 

t3 

6 

CO 

CO 

CO 

t>C 

^ 

CO  0  CO     CO 

01  Tl<     CD 

"*  CI 

-i 

■| 

CD 

f-l  CO  0     Tt* 

m 

0 

CO  lO    Th 

(D 

CD  <C 

Tf 

■4J 

cd 

P 

9 

S 

r-H 

"S 

CO 

^ 

c 

oi  oi  0   CO 

_2 

(M  l>    ^ 

.g 

•>#  lO 

05 

a 

V—i  t-  Til    CO 

feb    '"' 

0 

00  CO   CO 

a 

0 

00  CO 

IS 

ns 

1^       'O  CO  iM     CO 

ci  -J  0-1  CO  oi    t^ 

CO  05     A 

^ 

CO  t-- 

0 

ID 

ft 

<1 

S4H 

CO  GO     C- 

ID 

CO  00 

CO 

9 

10 

ao 

/05t^  <N     <N 

000 

1     1 

1 

05  CO  CD     CD 

-*  10     0 

1    1 

' 

Se 

> 

(M 

*i 

ti) 

CO  CO  0    <>) 

O)  —(     10 

1     1 

1 

eg 

^ 

—1  -^  t-     CO 

CO  10     "* 

1    1 

1 

b 

*"* 

cS 

6 

d  "                    0 

CO 

9 

CO 

'? 

IN  iM  0     ■* 

CO  '*   di 

a>o-x 

00 

0 

—1  CD  10     -* 

CD  •*    CO 

00  CO 

(Tl 

0 

3 

•f 

CO 

CO' 

«f-l 

05  CO  CD    1— 1 

05  0     10 

CO  CO 

0 

0 

0  0  10     "3 

10  0     -* 

t-  CO 

CO 

■*:> 

0 

1) 

St! 

C^J 

CO 

,-H 

W 

ib  1  ^  9       r- 
^0     0-10 

0          Ci 

9 

01 

00     CO 

CO 

O) 

> 

^-    •-I      -*   Tt< 

<M     01 

'M 

01 

(—1 

6  . 

H 

CJ   1  ic  0 

CO 

J 

■^ 

'M  t- 

00 

':'.  -  o 


7J  O 

f^    (D 


OS 


a 


CO 

=s 

5S 

« 

.s 

rH 

^.2 

c 

s 

0; 

0 

0 

;-! 

,Vj  " 

^ 

,* 

a; 

■  a 

U 

f*( 

PM 

WPh 

Ph 

FQ  S^b 

6D 

^  b 

0;  to 

csS 

IV  S 

Norma 
B.S.  af 
Fall  in 

C 

*.s 

O       ID 

•  _     c^ 


16- 


246  N.  A.  Mccormick,  j.  j.  r.  macleod,  e.  c.  noble,  etc. 

as  an  accurate  method  of  assay.  It  is  also  evident  that  there  is  no  close 
relation  between  the  size  of  the  animal  and  the  effect  of  insulin,  when 
the  dosage  per  kilo  body  weight  is  the  same. 

The  most  important  feature  which  the  curves  of  the  two  groups  of 
observations  bring  to  hght  is  the  difference  in  the  rate  of  recovery  of 
the  blood  sugar,  this  being  decidedly  slower  in  the  starved  animals  than 
in  the  well-fed.  Although  a  different  preparation  of  insuhn  was  used  for 
the  experiments  of  these  two  groups,  there  was  very  little  difference  in 
its  strength. 

Since  the  rate  of  recovery  nnist  depend  partly  on  the  strength  of 
insulin  and  partly  on  the  abihty  of  the  organism  to  compensate  for  the 
hypoglyc8emia  the  observations  shown  in  Fig.  6  were  performed.    In 


Fig.  ().    See  text.    Abscissae — minutes  after  injection  of  insulin. 
Ordinates — nig.  sugar  per  100  c.c.  blood. 


these  the  same  doses  (per  kilo  body  weight)  of  insulin  were  injected 
intravenously  into  rabbits  some  of  which  were  fed  with  oats  and  sugar 
so  as  to  cause  much  glycogen  to  be  deposited  and  some  were  starved  for 
three  days  and  given  epinephrin  frequently  so  as  to  make  them  glycogen- 
free.  The  six  curves  in  the  continuous  hues  give  the  results  in  the 
glycogen-free  rabbits  and  the  six  curves  in  the  broken  lines  those  in 
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glycogen-rich  rabbits^  The  percentages  of  glycogen  are  indicated  on 
each  curve.  It  will  be  seen  that  the  recovery  in  blood  sugar  set  in  after 
30  minutes  in  four  of  the  glycogen-rich  animals,  whereas  in  all  of  the 
glycogen-free  rabbits  there  was  recovery  in  one  case  only  and  this  was 
much  delayed.  The  failure  of  the  non-glycogenic  animals  to  show  re- 
covery within  the  time  of  the  observation  indicates  probably  that  a 
much  larger  dose  of  insuhn  had  been  given  than  in  the  case  of  the 
observations  of  Fig.  3,  B,  and  the  significance  of  this  will  be  discussed 
immediately.  If  we  were  to  take  composites  of  all  the  curves  for  the  fed 
and  the  starved  animals  respectively,  it  is  clear  that  they  would  show 
that  mobihzation  of  sugar  from  the  glycogen  stores  is  an  important  factor 
in  the  recovery  process.  Since  all  the  animals  of  each  group  were  in 
approximately  the  same  condition  with  regard  to  glycogen-content  it  is 
evident  that  no  accurate  method  of  assay  can  be  based  on  a  determina- 
tion of  the  blood  sugar  at  any  period  of  the  ciu'ves,  thus  confirming  our 
previous  conclusion.  Convulsions  occurred  in  three  of  the  starved 
animals;  in  one  of  them  in  50  minutes,  in  another  in  90  minutes,  and  in 
the  third  in  225  minutes.  One  of  the  animals  died  in  1  hour  after  the 
injection,  and  another  in  2  hours  and  10  minutes.  The  time  of  incidence 
of  convulsions  is  therefore  no  accurate  measure  of  the  dose  of  insulin. 


Discussion. 

The  features  of  the  results  of  these  experiments  that  stand  out  most 
prominently  are:  the  immediate  onset  in  the  decline  in  blood  sugar,  its 
practical  constancy  during  the  half-hour  following  the  injection  of 
insulin,  and  the  variability  both  in  the  time  of  onset  and  in  the  rate  of 
recovery  which  afterwards  occurs.  The  rate  of  the  initial  fall  is  inde- 
pendent of  the  nutritional  condition  of  the  animal  and,  within  very  wide 
limits,  the  dose  of  insulin  has  no  constant  influence  on  it.  The  prompt 
nature  of  this  fall  might  seem  to  indicate  that  the  hypoglycsemia  must 
depend  on  something  occurring  in  the  blood  itself,  either  an  acceleration 
of  blood  glycolysis  or  a  polymerization  of  sugar  to  glycogen.  With  regard 
to  blood  glycolysis,  one  of  us  working  with  G.  S.  Eadie  has  been  unable 
to  find  that  insulin  has  any  influence  on  the  rate  of  glycolysis  in  sterile 
incubated  defibrinated  or  oxalate  blood,  or  in  mixtures  of  blood  and 
expressed  muscle  juice.  Neither  have  we  found  that  the  heating  of  blood 
or  of  protein-free  filtrates  of  it  taken  from  rabbits  when  the  hypogly- 

^  Some  of  tlie  experiments  used  in  this  series  of  eurves  were  also  used  in  the  curves 
of  Fiff.  1. 
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caemia  is  most  pronounced  causes  any  greater  increase  in  reducing  power 
than  occurs  under  the  same  conditions  in  the  normal  blood  of  the  same 
animal.  The  sugar  must  therefore  disappear  from  the  blood  because  it 
passes  into  the  tissues.  Insulin  no  doubt  also  passes  out  of  the  blood 
into  the  tissues,  and  we  may  suppose  that  when  it  enters  the  tissue  cells 
it  sets  up  in  them  some  process  that  leads  to  the  immediate  disappearance 
of  sugar  as  such,  so  that  a  "vacuum"  for  sugar  is  created  in  the  cells 
and  sugar  is  withdrawn  from  the  blood  more  rapidly  than  the  supply 
can  be  replenished.  It  is  possible  that  the  first  step  in  this  process  is 
the  formation  of  some  compound  between  sugar  and  insulin  and  that 
this  may  occur  in  part  in  the  blood  itself,  but  it  is  unlikely  that  such  an 
intravascular  process  is  any  essential  step  in  the  disappearance  in  blood 
sugar. 

The  causes  for  the  setting  up  by  insuhn  of  a  sugar  vacuum  in  the 
cells  may  be  either  that  it  stimulates  combustion  of  the  sugar  or  that  it 
condenses  it  into  glycogen  or  reduces  it  to  fatty  acid.  In  the  former 
case  we  should  expect  to  find  that  the  respiratory  quotient  is  increased 
following  the  administration  of  insulin.  This  has  definitely  been  shown 
to  be  the  case  in  diabetic  laboratory  animals  and  in  diabetic  patients, 
although  the  rise  is  apparently  somewhat  delayed  when  compared  with 
the  fall  in  blood  sugar.  Dixon  and  Pember  working  in  this  laboratory 
have  shown  that  r.q.  is  also  usually  markedly  increased  in  normal  dogs 
and  less  definitely  so  in  rabbits  shortly  after  insulin  is  given,  which  would 
seem  to  show  that  increased  combustion  of  sugar  is  an  important  factor 
in  causing  the  decline  in  sugar  concentration  in  the  tissue  cells  and  blood. 
It  is  also  interesting  to  recall  here  that  ketonuria  is  one  of  the  first  of 
the  symptoms  of  diabetes  to  disappear  under  the  influence  of  insuUn(i). 
Evidently  the  increased  combustion  of  sugar  is  immediately  followed  by 
the  physiological  oxidation  of  the  accumulated  fatty  acid  metabolites 
(B-oxybutyric  acid,  etc.). 

With  regard  to  the  possibiUty  that  the  sugar  disappears  because  it 
becomes  polymerised  to  glycogen,  it  is  of  significance  that  glycogen 
becomes  abundantly  deposited  in  the  liver  of  depancreated  dogs  when 
they  are  given  sugar  and  insulin  (although  none  forms  with  sugar  alone), 
but  whether  a  similar  process  is  responsible  for  reduction  of  sugar  in 
normal  animals  is  not  revealed  by  the  present  experiments,  although  it 
is  of  interest  that  the  initial  percentage  of  glycogen  in  the  liver  bears  no 
relation  to  the  rate  of  fall  in  blood  sugar  during  the  first  half-hour 
following  insuhn.  Whether  insuHn  similarly  stimulates  glycogen  forma- 
tion in  the  muscle  cells  is  also  unknown.   Hepburn  and  Latchford(3) 
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could  obtain  no  evidence  of  glycogen  formation  in  their  experiments  on 
the  perfused  surviving  heart  under  the  influence  of  insuUn  and  it  will 
require  most  careful  comparison  of  the  glycogen-content  of  the  muscles 
of  normal  and  insulin-treated  animals  before  the  question  as  to  whether 
insulin  stimulates  glycogen  formation  in  normal  muscles  can  be  answered. 
The  difficulty  in  such  an  investigation  depends  on  the  fact  that  large 
total  amounts  of  glycogen  might  become  formed  -without  causing  a 
change  in  the  percentage  amount  that  is  measurable  within  the  experi- 
mental limits  of  available  analytical  methods. 

Much  attention  has  recently  been  paid  by  Hewitt  and  de  Suza  and 
Hewitt  and  Pryde(7)  to  the  possibiHty  that  glucose  is  transformed  in 
the  tissue  cells  into  the  highly-reactive  ethylene  variety  (A  glucose)  as 
a  preliminary  step  to  its  utilization  in  the  tissues  and  at  the  suggestion 
of  Prof.  Andrew  Hunter,  and  with  his  collaboration,  we  are  at  present 
investigating  the  possibility  that  insulin  may  stimulate  such  a  change^. 
If  glycogen  formation  should  be  stimulated  by  insulin  in  the  muscles  of 
normal  animals,  as  undoubtedly  it  is  in  the  liver  of  diabetic  animals,  it 
is  difficult  to  understand  why  increased  combustion  should  also  occur 
unless  we  imagine  that  the  formation  of  muscle  glycogen  is  a  necessary 
preliminary  step  in  the  transformation  of  glucose  into  the  combustible 
(y)  variety. 

Turning  now  to  the  mechanism  of  the  process  by  which  the  blood 
recovers  its  normal  percentage  of  sugar,  it  is  perfectly  clear  from  the 
results  recorded  in  this  investigation  that  an  important  factor  is  the 
mobihzation  of  sugar  from  the  glycogen  stores  of  the  Hver.  This  is  most 
clearly  demonstrated  in  the  curves  of  Fig.  6.  It  will  be  observed,  how- 
ever, that  even  where  there  is  abundance  of  this  reserve  of  glycogen  the 
rate  in  recovery  in  blood  sugar  may  vary  considerably  among  different 
animals.  Other  factors  must  be  involved.  One  of  them  may  be  the 
effective  dose  of  insulin  for  although  this  was  the  same  per  kilogram  of 
body  weight  in  the  different  animals,  it  may  not  have  been  the  same 
per  gram  of  active  tissue  (muscle).  There  is  no  evident  way  of  testing  this 
possibility  for  it  will  be  seen  that  there  is  no  parallelism  between  the 
actual  body  weight  of  the  animals  and  the  rate  of  recovery  of  blood 
sugar  (cf.  Fig.  6).  Another  factor  depends  on  the  sensitiveness  of  the 
mechanism  W'hich  regulates  the  rate  of  glycogenolysis  in  the  liver  in 
response  to  the  call  of  the  blood  (and  tissues)  for  sugar.  It  will  be 
observed  from  the  glycogen  percentages  of  the  liver  which  are  appended 

1  Since  this  paper  went  to  press  this  effect  of   insulin   has  been  demonstrated  by 
Winter  and  Smith  {Brit.  Med.  Journ.,  Jan.  6,  1922). 
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to  the  various  curves  that  they  are  not  directly  parallel  to  the  rate  of 
recovery  of  blood  sugar,  which  indicates  that  within  wide  limits  the 
total  amount  of  glycogen  in  the  liver  is  of  no  consequence  in  determining 
the  rate  at  which  sugar  can  be  mobilized. 

By  exclusion  therefore  we  are  forced  to  conclude  that  variability  in 
the  rate  of  recovery  of  blood  sugar  in  glycogen-rich  animals  that  have 
been  given  equal  doses  of  insulin  is  dependent  in  part  on  a  variability  in  the 
regulating  mechanism  which  adjusts  the  glycogenolytic  process  of  the  liver 
to  the  sugar  requirements  of  the  organism.  But  there  is  also  inequality  in 
the  rate  of  recovery  of  the  blood  sugar  in  the  animals  having  no  glycogen 
or  only  traces  of  it  in  the  liver,  and  this  must  depend  on  a  variability  in 
the  sugar  forming  functions  of  the  tissues  themselves.  The  source  of  this 
sugar  in  deglycogenated  animals  must  be  protein,  but  we  have  not  as  yet 
been  able  to  determine  whether  evidence  of  increased  protein  break  down 
can  be  obtained  by  examination  of  the  nitrogen  excretion. 

From  the  practical  viewpoint  of  the  pharmacological  assay  of  insulin 
it  is  clear  from  these  investigations  that  this  cannot  be  very  precise 
when  it  is  based  on  a  determination  of  the  percentage  of  blood  sugar  at 
any  stage  after  administration  of  the  insulin.  If  the  blood  be  examined 
in  the  first  half -hour  after  the  injection  of  insulin,  the  degree  of  hypo- 
glycsemia  will  be  approximately  alike  for  small  and  large  doses,  although 
it  is  possible  that  a  more  satisfactory  parallelism  between  dosage  and 
blood  sugar  could  be  secured  if  much  smaller  doses  were  given  than  in 
the  present  investigation.  If  the  blood  be  examined  at  periods  after  the 
first  half-hour,  the  percentage  of  sugar  in  it  will  depend  more  on  the 
nutritive  condition  of  the  animal  and  its  inherent  power  to  react  to  the 
hypoglycaemia  than  on  the  dosage.  Since  also  there  is  very  little,  if  any, 
difference  in  the  behaviour  of  the  blood  sugar  curve  following  sub- 
cutaneous and  intravenous  injections  of  the  same  dose  of  insulin,  we 
believe  that  the  most  practical  method  of  assay  is  that  recommended  in 
a  preceding  paper  but  we  would  recommend  the  following  precautions: 
(1)  That  the  animals  be  withdrawn  from  food  for  24  hours  preceding  the 
test;  (2)  that  they  all  be  of  very  nearly  the  same  weight;  (3)  that  three 
animals  be  used  for  each  test;  (4)  that  blood  sugar  be  examined  in  1| 
hours  and  in  3  hours  following  the  injection^.  If  we  consider  as  one  unit 
the  amount  of  insuhn  which  is  capable  of  reducing  the  blood  sugar  to 
the  convulsive  level  (-045  p.c.)  within  3  hours,  and  this  is  not  reached 
by  any  one  of  the  three  animals,  a  second  assay  on  another  group  of 
animals  should  be  made  with  double  the  previous  dose.  There  are  as  yet 

1  The  last  recommendation  is  based  on  observations  by  G.  S.  Eadie  and  one  of  us. 
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insufficient  data  at  hand  to  warrant  a  calculation  of  the  dosage  in  cases 
where  the  percentage  of  blood  sugar  does  not  reach  -045.  If  too  much 
insulin  is  given  in  the  first  trial  the  assay  must  likewise  be  repeated, 
using  in  this  case  one-half  or  less  of  the  previous  dose.  We  may  point 
out  that  the  procedures  are  not  so  time-consuming  as  they  may  appear 
to  be  and  that  they  entail  no  loss  of  animals  provided  the  convulsions, 
if  they  occur,  are  immediately  antidoted  by  injections  of  glucose. 

Conclusions. 

1.  The  effect  of  insulin  on  the  blood  sugar  of  normal  rabbits  is 
usually  somewhat  delayed  and  more  prolonged  by  the  subcutaneous 
method  of  administration  as  compared  with  the  intravenous,  but  the 
differences  are  not  striking. 

2.  Toxic  symptoms  are  more  frequently  observed  or  they  occur 
earlier  in  rabbits  having  scanty  stores  of  glycogen  than  in  those  having 
abundance  of  this  material.  The  symptoms  are  also  of  a  somewhat 
different  type  in  the  two  groups,  violent  convulsions  like  those  of 
labyrinthine  disturbance  being  much  more  marked  in  the  glycogen-rich 
animals. 

3.  With  very  small  doses  of  insuhn  the  blood  sugar  may  be  scarcely 
affected  in  glycogen-rich  animals,  but  show  a  pronounced  fall  in  non- 
glycogenic  animals. 

4.  For  a  period  varying  from  30  to  90  minutes  after  the  injection  of 
insulin  the  blood  sugar  falls  at  a  practically  uniform  rate  and  bears  no 
close  relation  to  the  dose  or  to  the  nutritional  condition  of  the  animal. 

5.  After  this  period  the  blood  sugar  rises  much  more  rapidly  in 
glycogen-rich  animals  than  in  those  that  are  glycogen-free.  The  retarded 
recovery  which  occurs  in  the  latter  group,  provided  a  lethal  dose  of 
insulin  has  not  been  given,  indicates  that  glyconeogenesis  is  occurring. 

6.  The  rate  of  recovery  of  blood  sugar  in  animals  of  the  same  weight, 
whether  rich  or  poor  in  glycogen,  may  be  markedly  different. 

7.  These  facts  show  that  it  is  impossible  to  make  a  precise  physio- 
logical assay  of  insulin  by  determining  the  percentage  of  blood  sugar  at 
varying  periods  following  its  injection.  An  approximate  assay  can  best 
be  arrived  at  by  measuring  the  blood  sugar  90  minutes  and  3  hours 
following  the  injection  in  animals  from  which  food  has  been  withheld 
for  24  hours. 

8.  When  considerable  doses  of  insulin  are  given  toxic  symptoms 
(convulsions)  may  not  appear  until  the  percentage  of  blood  sugar  has 
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fallen  considerably  below  the  level  of  -045  at  which  they  most  frequently 
occur  with  weaker  doses. 

9.   The  occurrence  of  convulsions  cannot  therefore  be  depended  upon 
as  an  exclusive  method  of  physiological  assay. 

The  expenses  of  this  research  were  in  part  defrayed  by  a  grant  from  the  Carnegie 
Corporation. 
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The  following  paper  really  consists  of  two  parts  but  these  are  pub- 
lished under  one  title  since  the  main  object  of  the  investigations  was 
the  same,  namely,  to  see  whether  some  more  precise  method  of  physio- 
logical assay  for  insulin  could  be  devised  than  that  reported  in  a  pre- 
vious paper.  The  insulin  in  these  experiments  was  given  by  the  sub- 
cutaneous pathway. 

I.  The  effect  of  insulin  on  the  post-prandial  glucose  curve 
OF  the  rabbit.  In  view  of  the  widespread  use  of  the  blood  sugar  curve 
following  addition  of  glucose  as  a  measure  of  the  power  of  the  body  to 
utilize  carbohydrate  it  was  decided  to  investigate  the  effect  of  insulin 
on  this  curve,  especially  since  it  has  been  suggested  that  certain 
alterations  observed  in  the  curves  are  due  to  variations  in  the  amount 
of  internal  secretion  of  the  pancreas.  The  effect  of  insulin  in  lowering 
the  hyperglycemia  due  to  epinephrin,  piqure,  asphyxia  and  ether  (1) 
adds  further  interest  to  its  possible  effect  on  the  hyperglycemia  follow- 
ing injections  of  glucose. 

Method:  Details  of  the  methods  are  the  same  as  those  given  in  a 
preceding  paper  (2).  The  only  difference  is  that  in  this  case  insulin 
was  injected  subcutaneously  in  the  lumbar  region  at  various  intervals 
before  and  after  the  glucose.  The  blood  sugar  was  taken  before  giving 
insulin  and  again  just  before  giving  sugar. 

The  insulin  used  was  derived  from  several  sources  and  in  the  early 
stages  of  this  investigation  it  was  found  impossible  to  preserve  uni- 
formity in  the  dose  administered.  As  a  result  of  this  there  was  con- 
siderable variation  in  the  blood  sugar  curves  obtained  in  different 
observations  when  glucose  was  administered  at  the  same  interval  after 
insulin.  Later  a  larger  supply  of  insulin  was  obtained  and  seven 
curves  were  made  with  this,  using  in  each  case  1  cc.  of  insulin   per 
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kilogram  of  body  weight.  These  rabbits  were  nos.  60  to  66  and  are 
marked  with  an  asterisk  in  table  1.  The  insulin  was  kept  in  the  ice- 
chest  during  the  course  of  these  experiments. 

Results:  Although  the  results  in  which  insulin  preparations  of  vaiy- 
ing  potency  were  used  are  decidedly  variable,  they  are  given  in  tabular 
form  (table  1)  since  several  conclusions  which  have  served  as  valuable 
guides  to  our  further  work  can  be  drawn  from  them.  The  figures  are 
to  be  compared  with  those  of  Ford  and  E.  L.  Scott  (3)  and  of  Eadie 
(2)  in  which  it  is  shown  that  the  administration  of  approximately  2.0 
grams  glucose  per  kilogram  subcutaneously  causes  a  rise  in  blood  sugar 
in  the  first  half-hour  amounting  on  an  average  to  110  mgm.,  the  ex- 
treme figures  being  64  to  205  mgm. ;  and  that  the  blood  sugar  returns  to  a 
value  within  the  normal  range  in  3  to  5  hours  or  more.  In  the  present 
table  the  results  are  grouped  according  to  the  length  of  the  interval 
between  giving  insulin  and  glucose,  both  subcutaneously. 

When  glucose  is  given  half  an  hour  before  insulin,  the  rise  is  of  course 
of  the  normal  extent,  actually  182  mgm.;  at  this  point  insulin  was 
given  and  in  an  hour  the  blood  sugar  was  again  normal.  It  continued 
falling  until  it  reached  88  mgm.,  and  then  rose  to  normal. 

Five  observations  were  made  after  giving  insulin  and  glucose  to- 
gether (nos.  A,  32,  33,  47  and  60).  Of  these  the  first  (rabbit  'A')  is 
evidently  abnormal  and  for  some  obscure  reason  the  rabbit  died  during 
the  experiment;  it  is  therefore  rejected.  The  other  four  show  rises 
of  84,  17,  44  and  61  mgm.  respectively,  the  rise  of  44  mgm.  being  ob- 
tained with  only  0.75  gram  of  glucose.  These  figures  are  lower  than 
the  average  of  those  obtained  without  insulin,  but  because  of  the  great 
variability  noted  above  nothing  very  definite  can  be  concluded.  How- 
ever, in  every  case  the  blood  sugar  has  returned  to  normal  within  an 
hour  and  a  half  and  in  each  case  a  marked  hypoglycemia  follows. 
Insulin  thus  causes  the  hyperglycemia  to  be  less  marked,  particularly 
with  regard  to  its  duration  when  given  simultaneously  with  sugar,  but 
also  often  with  regard  to  its  intensity. 

Three  observations  (40,  44  and  65)  show  the  effect  of  glucose  half 
an  hour  after  insulin.  To  find  the  actual  rise  produced  by  the  glucose 
in  these  cases  one  must  subtract  not  the  normal  blood  sugar  value  but 
the  value  obtained  just  before  glucose  was  given.  The  rises  were  71, 
53  and  65  mgm.,  which  are  near  the  lower  limit  of  normal  rises  and  the 
normal  level  is  reached  again  at  the  end  of  an  hour  and  a  half.  In  two 
of  these  cases  hypoglycemia  followed  the  hyperglycemia. 
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TABLE  1 


DATE 

DOSE 
GLU- 
COSE 
PER 
KGM. 

INTER- 
V.\L  BE- 
TWEEN 
GLUCOSE 

AND 
INSULIN 

BLOOD  SUGAR  MOM.  PER  100 

cc. 

NUM- 
BER 

Before 
insulin 

Before 
glucose 

After  glucose 

4 
hour 

1 

hour 

li 

hours 

2 

hours 

3 

hours 

4 

hours 

5 

hours 

hours 

46 

28/7 

2.0 

-  ^t 

309 

127 

198 

130 

90 

95 

88 

95 

119 

A 

29/6 

1.9 

0 

123 

255 

181 

188 

230 

307 

293 

X 

33 

4/7 

2.0 

0 

131 

215 

125 

99 

97 

93 

77 

72 

32 

11/7 

1.8 

0 

142 

159 

101 

119 

94 

86 

95 

47 

31/7 

0.75 

0 

123 

167 

102 

74 

57 

58 

63 

78 

*60 

25/10 

2.0 

0 

114 

175 

136 

105 

79 

59 

56 

65 

40 

17/7 

1.9 

1 

2 

117 

92 

163 

109 

82 

72 

92 

97 

115 

44 

17/8 

2.0 

1 

2 

137 

101 

154 

116 

115 

116 

109 

125 

*65 

6/11 

2.0 

1 

111 

70 

120 

135 

125 

105 

80 

76 

81 

41 

18/7 

1.9 

126 

110 

225 

185 

126 

124 

121 

128 

47 

8/8 

0.75 

121 

82 

95 

73 

62 

62 

66 

69 

69 

39 

10/8 

2.1 

110 

76 

134 

107 

90 

88 

118 

131 

40 

10/8 

1.9 

154 

114 

199 

195 

191 

181 

179 

186 

*62 

30/10 

2.0 

109 

102 

139 

135 

121 

100 

68 

96 

94 

36 

9/8 

2.0 

128 

67 

89 

85 

82 

71 

60 

99 

107 

37 

9/8 

2.0 

94 

28 

67 

67 

79 

75 

66 

61 

*61 

28/10 

2.0 

105 

56 

109 

58 

54 

52 

55 

41 

11/8 

2.0 

15 

117 

90 

136 

121 

107 

98 

101 

93 

95 

43 

21/7 

1.9 

1  1 

^2 

173 

167 

265 

255 

243 

251 

195 

116 

42 

11/8 

1.9 

H 

126 

107 

144 

124 

110 

99 

118 

103 

113 

42 

19/7 

2.0 

1 1 

'-2 

95 

89 

208 

201 

163 

142 

110 

123 

120 

*66 

6/11 

2.0 

n 

110 

46 

96 

107 

86 

50 

70 

56 

54 

43 

14/8 

2.0 

2 

167 

89 

158 

173 

172 

188 

183 

162 

140 

45 

14/8 

2.0 

2 

102 

86 

136 

133 

117 

114 

114 

114 

117 

*64 

1/11 

2.0 

2 

125 

59 

119 

100 

100 

83 

63 

63 

35 

26/6 

2.1 

2| 

130 

62 

161 

156 

142 

81 

73 

88 

HI 

15/8 

2.0 

3 

120 

90 

93 

142 

135 

149 

148 

117 

117 

H2 

15/8 

2.0 

3 

125 

63 

130 

135 

107 

111 

102 

101 

*63 

1/11 

2.0 

3 

122 

55 

114 

125 

115 

93 

82 

83 

82 

32 

6/7 

1.6 

4 

114 

64 

152 

174 

163 

154 

152 

131 

129 

34 

4/7 

1.8 

4i 

138 

94 

253 

197 

182 

197 

147 

152 

158 

45 

27/7 

2.0 

8 

133 

23 

188 

176 

179 

35 

29/6 

2.1 

3  days 

135 

305 

249 

194 

156 

142 

130 

141 

t  Half  an  hour  before. 
%  Died. 


288  G.    S.    EADIE   AND    J.    J,    R.    MACLEOD 

Sugar  was  given  in  five  observations  1  hour  after  insulin.  In  two 
cases  (nos.  40  and  41)  the  insulin  was  very  weak,  as  shown  by  the 
preliminaiy  fall,  and  these  two  are  omitted  from  consideration.  In  the 
other  three  rabbits  the  rises  were  13,  58  and  37  mgm.,  the  average 
(36  mgm.)  being  distinctly  below  the  lower  limit  of  the  normal  rise. 
In  the  case  of  rabbit  47,  in  an  hour  the  blood  sugar  was  below  the 
level  when  the  glucose  was  given  and  a  marked  Itypoglycemia  followed. 
In  the  case  of  rabbit  39  the  blood  sugar  in  an  hour  had  returned  only 
to  about  the  level  found  before  giving  insulin  and  the  subsequent 
hypoglycemia  was  less  marked.  Rabbit  62  shows  only  a  slight  fall 
before  glucose  was  given,  but  the  rise  produced  is  quite  small  (37  mgm.) 
and  it  is  followed  by  distinct  hypoglycemia,  the  curve  however  falling 
rather  slowly.  This  observation  does  not  fit  in  with  the  series  very 
well,  and  the  slow  fall  before  glucose  was  given  is  noticeable.  This 
is  probably  partly  due  to  slow  absorption,  but  other  results  obtained  by 
insulin  injection  in  this  particular  rabbit  point  to  its  being  due  in  part 
to  an  idiosyncrasy  of  the  rabbit. 

The  insulin  used  when  glucose  was  given  one  and  a  quarter  hours 
after,  was  quite  potent  and  its  ability  to  suppress  the  hyperglycemia 
is  clearly  shown,  the  rises  in  these  cases  being  only  22,  39  and  53  mgm., 
averaging  44  mgm.  Since  the  normal  rise  is  from  64  to  205  mgm., 
this  and  the  preceding  probably  represent  a  real  decrease  in  the  rise 
and  not  an  accidental  occurrence. 

Of  the  observations  for  one  and  one-half  hour  intervals,  two  were 
made  with  fairly  potent  insulin,  viz.,  nos  41  and  66.  Here  the  rises 
are  46  and  61  mgm.  In  one  case  the  blood  sugar  has  almost  reached  its 
normal  level  in  an  hour  and  there  is  a  slight  subsequent  hyperglycemia. 
In  the  other  it  did  not  rise  quite  to  its  initial  value  throughout  the 
experiment.  Rabbit  42  on  August  11th  with  slightly  less  potent 
insulin  shows  a  very  similar  curve,  with  a  rise  of  37  mgm.,  lasting  slightly 
over  an  hour  and  with  subsequent  hypoglycemia. 

The  three  observations  for  the  two-hour  period  were  made  with 
fairly  potent  insulin,  judging  from  the  preliminary  fall,  yet  here  the 
rises  were  89,  50  and  60  mgm.  In  one  case  the  normal  level  was  reached 
in  one  hour,  in  one  case  in  one  and  one-half  hours  and  in  the  third,  not 
again  during  the  experiment  although  in  five  hours  the  blood  sugar 
reached  a  value  near  the  upper  limit  of  the  normal  range.  Decided 
hypoglycemia  followed  the  increase  due  to  sugar  only  in  one  case  (no.  64). 

At  the  three-hour  interval  the  rises  were  99,  52,  72  and  70  mgm. 
Noticeable  here  is  the  delayed  rise  shown  most  distinctly  in  no.  HI, 


PHYSIOLOGICAL   ASSAY   OF   INSULIN  289 

and  to  a  less  degree  in  H2  and  63  so  that  the  return  to  normal  is  slower 
than  usual,  occurring  in  one  and  one-half  to  three  hours. 

In  four  hours  or  more  the  effect  of  the  insulin  has  worn  off.  The 
rise  is  of  about  the  same  height  and  the  return  to  normal  occurs  after 
about  the  same  interval  as  when  glucose  is  administered  without 
insulin. 

The  eight-hour  curve  is  interesting  on  account  of  the  extremely  low 
blood  sugar  when  the  glucose  was  given.  The  rise  here  was  165  mgm. 
and  the  fall  as  far  as  it  was  followed  does  not  give  any  indication  of 
an  effect  from  insulin.  Evidently  the  extent  of  the  rise  from  glucose 
does  not  depend  on  the  level  of  the  blood  sugar  when  the  glucose  is 
given,  and  this  curve  shows  that  the  blood  sugar  may  be  low  as  the 
result  of  insulin  at  a  time  when  the  insulin  no  longer  has  an  effect  on 
the  injected  sugar. 

In  general,  in  spite  of  their  great  variability,  these  results  show  that 
insulin  affects  the  hyperglycemia  due  to  injection  of  glucose,  both 
in  the  extent  of  its  rise  and  the  duration,  the  effect  on  the  duration 
being  more  marked  when  insulin  and  glucose  are  given  together:  that 
on  the  rise  when  the  glucose  is  given  one  to  one  and  one-half  hours  after 
insulin.  This  can  be  seen  clearly  in  figure  1,  in  which  are  shown  in  curves 
the  results  of  the  observations  in  which  equal  doses  of  insulin  were  given 
(asterisked  in  table  1).  The  ordinates  represent  milligrams  blood 
sugar  and  the  abscissae  two  and  a  half -hour  periods.  Insulin  was  given 
at  the  beginning  of  each  of  the  curves  except  the  first  one  and  2  grams 
glucose  per  kilogram  body  weight  at  the  times  indicated.  Curve 
1  shows  the  effect  of  glucose  without  insulin  and  is  drawn  from  data 
contained  in  a  previous  paper  (2).  From  the  extent  of  the  initial  fall 
in  each  of  the  other  cases  it  is  seen  that  tolerably  uniform  doses  of 
insulin  were  injected.^  After  two  hours  the  effect  of  insulin  begins  to 
weaken  and  it  has  almost  disappeared  in  fom*  hours.  The  effect  at 
three  hours  however  falls  somewhat  out  of  line. 

Another  series  of  similar  curves  is  given  in  figure  2.  Although  the 
strength  of  insulin  was  not  so  uniform  in  these  as  in  the  preceding  they 
are  nevertheless  important  in  that  they  show  the  same  general  results. 

It  is  clear  that  the  ability  of  the  organism  to  assimilate  from  the 
blood  an  excess  of  injected  glucose,  following  the  subcutaneous  injec- 
tion of  insulin,  is  most  highly  developed  in  a  little  over  one  hour  after 
the  injection.     At  this  time,  therefore,  the  strength  of  insulin  might 

'  No.  62  is  omitted  since  it  is  clear  from  the  table  that  the  insulin  could  not  have 
been  adequately  absorbed  in  this  animal;  no.  32  is  included  since  the  initial  insulin 
effect  is  comparable  with  the  others. 
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Fig.  1.  Showing  the  effect  of  insulin  on  hyperglycemia  produced  by  glucose: 
no.  1  is  the  blood  sugar  curve  without  insulin;  in  no.  2  the  insulin  and  glucose  were 
given  together;  in  the  remainder  the  glucose  was  given  at  the  intervals  named  be- 
low, which  on  the  curve  correspond  to  the  bottom  of  the  first  depression. 
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Fig.  2.  Showing  the  effect  of  insulin  on  hyperglycemia  produced  by  glucose; 
the  significance  of  the  numbers  is  the  same  as  in  figure  1. 
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be  stated  in  terms  of  the  maximal  quantity  of  glucose  which  could  be 
injected  subcutaneously  without  causing  any  rise  in  the  blood-sugar 
curve,  or,  for  practical  purposes,  by  measuring  the  extent  and  duration 
of  the  rise  occurring  after  the  injection  of  a  fixed  amount  of  glucose. 
For  this  purpose  blood  sugars  would  have  to  be  taken  at  half-hour  and 
one-hour  intervals  following  the  glucose  injection.  As  one  unit  might 
then  be  considered  the  amount  of  insulin  capable  of  preventing  a  rise 
of  blood  sugar  to  above  the  normal  level  of  0.115  per  cent  within  one- 
half  hour  after  the  injection,  subcutaneously,  of  2  grams  glucose  per 
kilo  body  weight;  the  insulin  being  injected  one  hour  prior  to  the  glu- 
cose. Lesser  doses  of  insulin  than  one  unit  would  cause  greater  rises, 
the  extent  of  which  would  probably  indicate  the  dosage.  This  must, 
however,  await  further  investigation. 

SUMMARY 

1.  The  hyperglycemia  due  to  injections  of  glucose  is  affected  by 
insulin  both  in  degree  and  duration. 

2.  The  effect  on  the  duration  is  more  marked  when  insulin  and 
glucose  are  given  together,  that  on  the  rise  when  the  glucose  is 
given  one  to  one  and  one-half  hours  after. 

3.  A  method  for  the  physiological  assay  of  insulin  based  on  the  results 
is  suggested. 

II.  The  physiological  assay  of  insulin  based  on  its  effects  on 
EPiNEPHRiN  hyperglycemia.  Since  insulin  markedly  reduces  the 
hyperglycemia  produced  by  subcutaneous  injections  of  epinephrin  (4), 
it  was  thought  that  this  might  prove  the  basis  of  a  method  for  the 
phannacological  assay  of  insulin.  In  the  experiments  of  the  previous 
section  this  assay  was  attempted  b}^  finding  how  much  insulin  would 
be  required  to  prevent  the  rise  in  blood  sugar  following  the  injection  of 
2  grams  per  kilo  of  glucose  injected  subcutaneously — i.e.,  of  exogenous 
origin — and  in  the  present  experiments  the  same  principle  was  followed 
with  the  difference  that  the  glucose  was  supplied  from  endogenous 
sources  by  causing  increased  glygogenolysis  through  the  action  of 
epinephrin.  A  similar  method  of  assay  was  used  by  Zuelzer  (4)  in 
testing  the  antidiabetic  potency  of  the  alcoholic  extracts  of  pancreas 
which  he  investigated.  There  can  be  no  doubt  that  Zuelzer  succeeded 
in  demonstrating  that  such  extracts  may  contain  substances  capable 
of  depressing  the  degree  of  hyperglycemia  due  to  epinephrin  but  he 
failed  to  isolate  from  these  extracts  other  substances  having  a  dele- 
terious influence  so  that  the  investigations  were  not  further  continued. 
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Method:  Rabbits  weighing  as  closely  as  possible  2  kgin.  were  taken 
from  the  pens  twenty-four  hours  before  the  experiment  was  to  begin 
and  placed  in  cages  away  from  solid  food,  but  with  a  supply  of  water. 
Varying  doses  of  insulin  were  then  injected  subcutaneously  in  the 
lumbar  region,  a  sample  of  blood  having  been  taken  just  before.  Since 
in  the  preceding  section  it  was  shown  that  insulin  given  subcutaneously 
develops  its  maximimi  effect  in  about  an  hour  and  a  quarter,  epineph- 
rin  was  given  at  this  interval  after  insulin.  The  preparation  used 
was  taken  from  hypodermic  ampoules  (Parke  Davis  Co.)  and  1  cc, 
given  in  each  case.  Further  samples  of  blood  were  taken  just  before 
the  epinephrin,  and  at  intervals  of  one-half,  one  and  two  hours  after. 
The  blood  sugar  was  measured  by  the  Shaffer-Hartmann  method. 

Two  different  lots  of  insulin  were  used.  The  first  one  (lot  143) 
was  standardized  by  finding  the  minimal  dose  necessary  to  produce  in 
rabbits  a  lowering  of  blood  sugar  to  about  0.045  per  cent  and  convul- 
sions in  two  to  four  hours  as  described  previously  (5).  The  second 
(lot  6)  was  standardized  by  comparing  the  results  obtained  by  it 
with  those  of  the  first  lot.  Both  lots  were  kept  in  the  ice-chest  and 
portions  removed  when  required  under  aseptic  precautions. 

Results:  A  summary  of  the  results  is  given  in  table  2.  The  dose  of 
insulin  per  kilogram  was  calculated  by  the  effect  on  blood  sugar  and 
the  incidence  of  convulsions  (5),  thus,  in  "A"  0.2  cc.  insulin  per  kilo 
contained  one  unit  and  in  "B",  0.75  cc.  The  figures  in  the  column 
headed  "fall"  were  obtained  by  subtracting  the  blood  sugar  values 
before  epinephrin  from  those  before  insulin,  and  give  the  fall  of  blood 
sugar  produced  by  insulin  in  an  hour  and  a  quarter ;  those  in  the  various 
colimms  headed  "rise,"  by  subtracting  the  blood  sugar  value  before 
epinephrin  from  the  values  one-half,  one  and  two  hours  after  it  respet;- 
tively,  and  show  the  rises  produced  by  exactly  the  same  doses  of 
epinephrin  in  those  periods. 

The  relation  between  the  dose  and  the  fall  of  blood  sugar  produced 
by  it  is  dealt  with  elsewhere  (5).  In  each  case  but  one  the  epinephrin 
produces  a  rise  in  the  blood  sugar  and  the  rise  is  roughly  proportional 
to  the  dose  of  insulin.  In  the  one  case  (rabbit  82)  there  is  an  actual 
fall,  the  cause  for  which  we  are  unable  to  explain. 

On  plotting  the  dose  of  insulin  against  the  rise  produced  by  epi- 
nephrin in  each  case  no  simple  relation  holds  between  them  as  will  be 
seen  in  figure  3  in  which  the  values  for  the  two-hour  period  are  plotted 
along  with  a  curve  which  will  be  described  immediately.  On  the  other 
hand,  when  the  logarithms  of  the  doses  are  plotted  against  the  loga- 
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rithms  of  the  rises  occurring  in  the  one  and  two-hour  periods  the  majority 
of  them  fall  along  a  straight  line.  It  was  therefore  attempted  to  find 
an  empirical  formula  by  which  the  dose  might  be  calculated  from  the 
rise  and  which  might  be  useful  for  purposes  of  assay. 

Since  the  figures  for  the  two-hour  period  were  slightly  closer  than 
those  for  the  other  periods  these  figures  were  chosen  for  the  construction 
of  this  fonnula.     To  make  the  figures  easier  to  work  with  log  20  d 


TABLE  2 

DATE 

INSU- 
LIN 
PER 
KGM. 

DOSE 
INSU- 
LIN 
PER 
KGM. 

BLOOD  SUGAR  MGM.  PER  100  OC. 

RABBIT 

NUM- 
BER 

Before 
insulin 

Before 
epine- 
phrin 

Fall 

After  epinephrin 

hour 

Rise 

1 
hour 

Rise 

2 
hours 

Rise 

A.  Insulin,  lot  143,  1  dose  in  0.40  cc. 


cc. 

70 

11/10 

0.2 

0.5 

117 

84 

33 

145 

61 

221 

137 

293 

209 

71 

11/10 

0.4 

1.0 

120 

59 

61 

86 

27 

94 

35 

112 

53 

72 

16/10 

0.8 

2.0 

127 

62 

65 

76 

14 

82 

20 

82 

20 

73 

16/10 

0.8 

2.0 

119 

55 

64 

66 

11 

69 

14 

73 

18 

B.  Insulin, 

lot  6, 

L  dose 

in  0.74  cc. 

74 

18/10 

0.93 

1.2 

104 

5 

99 

20 

15 

41 

36 

38 

33 

75 

18/10 

0.51 

0.7 

112 

17 

95 

30 

13 

58 

41 

91 

74 

76 

19/10 

0.56 

0.8 

107 

57 

50 

92 

35 

149 

92 

234 

177 

77 

19/10 

0.23 

0.3 

92 

59 

33 

114 

55 

210 

151 

287 

228 

79 

23/10 

0.40 

0.5 

92 

148 

56 

186 

94 

279 

187 

80 

7/11 

1.0 

1.4 

100 

66 

34 

111 

45 

134 

68 

149 

83 

81 

7/11 

0.93 

1.2 

106 

57 

49 

77 

20 

79 

22 

82 

8/11 

1.17 

1.6 

111 

69 

42 

48 

Fall 

53 

Fall 

83 

8/11 

1.50 

2.0 

121 

28 

93 

45 

17 

84 

10/11 

1.50 

2.0 

125 

38 

87 

42 

4 

43 

5 

54 

16 

85 

10/11 

1.80 

1.8 

122 

46 

76 

76 

30 

104 

58 

159 

113 

was  plotted  against  log  r.     A  straight  line  passing  through  the  middle 
of  these  points  was  then  found  to  be  represented  by   the    equation 


Log  20  d 

2.38 


=   1. 


where  d  =  number  of  doses  per  kilogram  and  r  =  rise  of  blood  sugar 
in  milligram  per  100  cc.  in  two  hours.  By  multiplying  through  to  get 
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Mgma  350 
per 
100 
c.c. 


Fig.  3.  Showing  the  relation  between  the  dose  of  insulin  and  the  rise  produced 
by  the  standard  dose  of  epinephrin.  The  ordinates  give  the  rise  in  blood  sugar 
following  epinephrin  and  the  abscissae  the  doses  of  insulin.  The  crosses  represent 
observations;  the  curve  is  drawn  from  the  equation  d  (r)  "-^^  =  10*°*. 


PHYSIOLOGICAL   ASSAY   OF   INSULIN 


295 


rid  of  fractions  and  changing  it  from  the  logarithmic  to  the  exponential 
form  we  get  an  equation  of  the  type  d-ir)"  =  K  and  in  this  case  a  = 
0.62  and  K  =  10^-"^.  The  values  for  K  in  each  case  are  given  in  table 
3.  The  curve  corresponding  to  this  equation  is  also  plotted  in  figure  3, 
from  which  it  will  be  seen  that  only  one  point  is  widely  divergent;  one 
other  figure  (rabbit  82,  table  3)  is  not  plotted,  for  here  it  will  be  recalled 
there  was  an  actual  fall  instead  of  a  rise  after  the  epinephrin.  To  show 
how  far  this  is  useful  in  calculating  the  dose  of  insulin  used,  table  4 
was  constructed  in  which  the  third  column  gives  the  actual  dose  of 
insulin  used  and  the  fourth  the  dose  calculated  by  the  formula.^     The 

TABLE  3 


RABBIT  NUMBER 

K 

d  (actual) 

d  (calculated  on 

BASIS  OF  K  =   lOl-") 

70 

lO'-i 

0.5 

0.4 

71 

10'-' 

1.0 

1.0 

72 

10'-' 

2.0 

1.9 

73 

lO'-' 

2.0 

2.0 

74 

•     10' •" 

1.2 

1.1 

75 

101.0 

0.7 

0.8 

76 

101.3 

0.8 

0.5 

77 

100.9 

0.3 

0.4 

78 

lO'-i 

0.5 

0.5 

80 

101.3 

1.4 

0.9 

81 

100.9 

1.2 

1.8 

83 

101-1 

2.0 

2.1 

84 

101.0 

2.0 

2.2 

85 

10'-^ 

1.5 

0.6 

results  are  fairly  close  in  most  instances ;  a  few  however  are  quite  widely 
divergent.  This  is  obviously  due  to  a  biological  variation  and  depends 
on  some  as  yet  unknown  factor,  for  in  spite  of  careful  standardization 
of  rabbits  it  was  found  impossible  to  avoid  this  variation.  It  may  be 
possible  to  reduce  this  divergence  by  giving  the  insulin  intravenously. 
This  method  therefore  cannot  be  counted  on  to  give  reliable  results 
on  any  individual  rabbit  and  in  using  it  a  number  of  rabbits  must  be 
employed  if  a  trustworthy  figure  is  to  be  obtained.  In  spite  of  this 
the  figures  show  that  a  relation  of  the  type  d-irY  =  K  holds  between 
the  dose  of  insulin  and  the  rise  following  epinephrin. 

"  In  calculating  the  dose  either  this  formula  or  the  curve  may  be  used.  In 
the  latter  case  the  point  on  the  curve  corresponding  to  the  rise  in  two  hours  is 
found,  and  the  dose  is  then  read  off  along  the  other  axis. 
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The  figures  for  the  one-hour  period  on  investigation  were  found  to 
obey,  but  less  closely,  the  same  law;  the  constants  however  are  different. 
Those  for  the  half-hour  period  on  the  other  hand  are  very  widely  diver- 
gent and  for  such  purposes  as  these  are  quite  useless. 

SUMMABY 

1.  Figures  are  given  showing  the  extent  of  the  hyperglycemia  pro- 
duced by  epinephrin  administered  an  hour  and  a  quarter  after  varying 
doses  of  insulin. 

2.  It  is  shown  that  the  rise  produced  in  two  hours  by  epinephrin  (r) 
is  related  in  general  to  the  dose  of  insulin  (d)  by  the  empirical  formula 
d-(ry  =  K,  in  which  a  and  K  are  constants  having  the  values  0.62  and 
jQi-fs  respectively, 

3.  Owing  to  the  unavoidable  biological  variations  of  the  animals 
this  formula  cannot  be  used  for  assaying  insulin,  imless  a  series  of 
animals  is  used  so  that  there  is  no  practical  advantage  over  the  method 
previously  proposed  (5). 
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Previous  investigations  from  this  laboratory  (1)  have  shown  that 
various  characteristic  symptoms  supervene  in  rabbits  some  time  after 
the  injection  of  insuHn,  that  these  symptoms  usually  appear  w^hen  the 
blood  sugar  has  fallen  to  0.045  per  cent  and  that  they  can  be  rapidly 
removed  by  subcutaneous  injections  of  a  solution  of  glucose. 

A  problem  which  immediately  presents  itself  for  investigation  is 
the  causal  relationship  between  the  symptoms  and  the  lowering  of 
blood  sugar.  The  symptoms  give  the  impression  that  some  substance 
having  a  highly  irritative  influence  on  the  central  nervous  system 
has  become  developed,  and  the  striking  similarity  of  certain  of  the 
symptoms  (convulsions)  to  those  which  develop  temporarily,  im- 
mediately after  '/spinning"  a  normal  rabbit,  suggests  that  the  vestib- 
ular apparatus  is  being  stimulated  (Barany).  It  can  scarcely  be  the 
case  that  this  stimulus  is  afforded  by  a  lowered  percentage  of  glucose  in 
the  blood  per  se.  It  is  more  likely  either  that  the  hypoglycemia  is 
related  to  the  setting  free  of  some  toxic  metabolic  product  which  in  the 
normal  animal  is  directly  or  indirectly  antidoted  by  a  certain  concentra- 
tion of  glucose,  or  that  it  causes  some  change  in  the  chemical  or  physico- 
chemical  equilibrium  within  the  cells,  which  results  in  a  disturbance  of 
their  normal  functions.  One  of  the  ways  by  which  light  can  be  thrown 
upon  this  question  is  to  see  whether  other  sugars  than  glucose  have  the 
power  to  remove  the  symptoms.  If  a  given  sugar  fails  to  have  this 
effect  evidence  is  afforded  not  only  that  it  cannot  itself  act  like  glucose 
but  also  that  it  is  not  converted,  to  any  considerable  extent  at  least, 
into  glucose  in  the  animal  body. 

Since  all  the  common  sugars  with  the  exception  of  sucrose,  reduce 
alkaline  copper  solutions,  the  blood  sugar  values  as  obtained  by  the 
Shaffer-Hartmann  method  will  necessarily  rise  when  the  animals  are 
injected  with  these  materials,  and  in  the  small  percentages  existing  in 
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blood  there  is  no  simple  chemical  method  of  ascertaining  what  por- 
tion, if  any,  of  this  rise  may  be  due  to  glucose.  On  the  other  hand,  if 
such  an  increase  should  occur  when  non-saccharine  substances  are 
injected,  evidence  of  gluconeogenesis  is  afforded,  especially  if  at  the 
same  time  the  convulsive  symptoms  are  antidoted. 

This  part  of  our  work  is  of  a  similar  character  to  that  of  F.  C.  Mann 
and  T.  B.  Magath  (2)  who  found  that  the  toxic  symptoms  which  super- 
vene some  hours  after  the  removal  of  the  liver  from  the  circulation  in 
dogs,  can  be  antidoted  by  the  injection  of  glucose,  and  to  a  less  degree  of 
maltose,  mannose,  galactose  and  dextrose. 

Procedure.  The  experiments  were  all  carried  out  on  normal  rabbits 
taken  directly  from  the  stock  cages.  A  sample  of  blood  was  taken  and  a 
suitable  dose  of  insulin  injected  subcutaneously.  The  rabbit  was  then 
left  alone  until  it  began  to  show  symptoms,  when  a  second  sample 
of  blood  was  immediately  withdrawn.  As  soon  as  the  convulsions 
became  well  marked,  2  grams  per  kilo  or  an  equivalent  amount  of 
sugar  or  other  material  under  investigation  was  injected  subcutaneously 
in  several  places  and  the  animal's  behavior  carefully  observed  while 
blood  samples  were  withdrawn  at  suitable  intervals.  In  certain  cases 
the  sugar  solutions  were  given  intraveneously,  but  since  no  difference 
could  be  detected  in  the  results,  this  method  was  not  used  as  a  rule, 
because  of  the  difficulty  of  applying  it  during  the  convulsive  seizures. 
Results.  Since  glucose  was  the  standard  used  in  relieving  convul- 
sions and  was  the  material  with  which  the  effects  of  other  substances 
were  compared,  it  is  important  that  we  record  some  further  results 
following  its  administration. 

Glucose.  In  the  great  majority  of  cases  in  which  symptoms  occur 
as  the  result  of  insulin  administration,  the  percentage  of  glucose  in  the 
blood  is  very  close  to  0.045  when  definite  convulsions  supervene.  When 
the  fall  in  blood  sugar  is  very  rapid,  however,  the  level  of  blood  sugar 
may  be  considerably  below  0.045  per  cent  when  convulsions  appear, 
a  condition  of  collapse  and  coma  being  commonly  observed  in  such 
cases,  with  only  mild  convulsions.  This  is  more  commonly  the  case 
when  the  animals  have  been  starved  for  some  time  prior  to  giving  insulin. 
Occasionally  symptoms  develop  at  a  blood  sugar  concentration  that  is 
distinctly  higher  (0.055  per  cent),  but  this  is  unusual. 

When  2  grams  of  glucose  per  kilogram  body  weight,  dissolved  in  7 
or  8  cc.  of  water,  are  given  subcutaneously,  the  rabbit,  which  before 
had  been  either  throwing  itself  violently  about  on  the  floor  or  else  lying 
stretched  out  in  a  semi-conscious  condition,  in  from  2  to  5  minutes 
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after  the  injection,  moves  unsteadily  into  a  sitting  posture  with  its  head 
drooping.  It  often  remains  more  or  less  drowsy  for  some  time,  although 
it  may  be  stimulated  to  move  about  the  room,  which  it  usually  does 
in  a  perfectly  normal  fashion.  Sometimes  during  recovery,  especially 
when  convulsions  have  been  severe,  the  animal  may  behave  in  an  excited 
fashion,  bumping  into  objects  in  its  path  apparently  because  it  is  en- 
tirely unconscious  of  their  presence.  The  blood  sugar  determined  within 
15  minutes  after  the  glucose  injection  has  always  been  found  to  be 
considerably  above  0.045  per  cent.  Frequently  within  a  varying 
period  after  the  injection,  tlie  rabbit  has  a  second  series  of  convulsions, 
accompanied  as  before  by  marked  hypoglycemia.  These  may  again 
be  antidoted  by  injections  of  glucose.  The  glucose  may  be  added  to 
the  blood  stream  in  other  ways  than  by  subcutaneous  injection;  thus 
by  oral  administration  of  such  sugars  as  become  hydrolyzed  to  glu- 
cose during  digestion  and  by  exciting  increased  hepatic  glycogenoly- 
sis  by  the  administration  of  epinephrin  (J.  B.  Collip).  It  is  by  the 
former  of  these  methods  that  premonitory  signs  of  hypoglycemic  symp- 
toms following  insulin  can  be  warded  off  in  man.  The  latter  method 
(epinephrin)  is  found  most  useful  for  the  treatment  of  unconscious 
(comatose)  patients,  unable  to  take  sugar  by  mouth,  and  in  whom  the 
circulatory  conditions  are  such  as  to  cause  delay  in  the  subcutaneous 
absorption  of  glucose. 

A  few  animals  recover  spontaneously  from  the  convulsions  but  the 
large  majority,  if  untreated  by  glucose,  ultimately  succumb.  Following 
the  subcutaneous  injection  of  glucose  evidence  of  recovery  is  usually 
very  rapid  (1  to  2  minutes)  although  it  may  take  15  minutes  for  the 
complete  disappearance  of  symptoms;  secondary  convulsions  may 
supervene,  but  not  within  several  hours  with  average  doses  of  insulin. 
Recovery  often  follows  injections  of  glucose  even  after  the  symptoms 
have  lasted  until  the  animal  is  no  longer  showing  any  convulsions  but 
is  in  deep  coma  with  very  shallow  often  periodic  breathing,  and  is  almost 
moribund.  Under  such  conditions,  the  first  sign  of  recovery  is  the 
recurrence  of  convulsions.  In  the  deeply  comatose  condition  referred 
to  it  has  on  several  occasions  been  impossible  to  detect  any  reducing 
substance  in  the  blood  by  the  Shaffer  Hartman  method.  With  this 
mode  of  behavior  as  our  criterion,  we  may  now  proceed  to  consider  the 
experiments  m  which  other  substances  than  glucose  were  injected. 

Pentoses.  The  observations  in  which  pentoses  were  injected  were 
all  perfectly  definite  in  showing  that  these  sugars  are  incapable  of  re- 
lieving the  symptoms  associated  with  hypoglycemia.     That  they  were 
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absorbed  into  the  blood  is  shown  in  the  case  of  arabinose  at  least  by 
the  marked  increase  in  blood  sugar. 

Arabinose 
Rabbit,  weight  2.6  kgm. 

9:50  a.m.     Blood  sugar  0.108  per  cent 
10:10  a.m.     4.0  cc.  insulin  injected 

2:30  p.m.     Blood  sugar  0.047  per  cent 

2:55  p.m.     3.0  cc.  insulin 

4:10  p.m.     Severe  convulsions — ^4.0  grams  arabinose  in  15  cc.  water  injected 

4:30  p.m.  Animal  showed  slight  improvement,  could  support  itself  unsteadily 
if  placed  in  sitting  posture.  Blood  sugar  0.112  per  cent.  Condi- 
tion gradually  became  worse  and  at 

4:55  p.m.  severe  convulsions  occured  and  respirations  ceased.  Artificial 
respiration;  4.0  grams  glucose  injected 

5:15  p.m.     Condition  much  improved — -Given  4  more  grams  glucose 

5:40  p.m.     Blood  sugar  0.216  per  cent.     Animal  apparently  well,  but  there  were 
jerky  movements  of  head  and  front  limbs 
Found  dead  next  day 

Arabinose 

Rabbit,  weight  3.0  kgm. 

9:55  a.m.  Blood  sugar  0.149  per  cent 

10:00  a.m.  3  cc.  insulin  injected 

2:10  p.m.  Blood  sugar  0.070  per  cent 

2:50  p.m.  2  cc.  insulin  injected 

6:55  p.m.  Severe  convulsions — 4  grams  arabinose  subcutaneously 

7:00  p.m.  Condition  became  slightly  improved  as  in  preceding  experiment,  but 

gradually  became  worse  until  convulsions  occurred  again  at 

7:29  p.m.  when  4  grams  glucose  were  injected 

8:00  p.m.  Condition  apparently  normal 

Xylose 

Rabbit,  weight  1.5  kgm. 

9:40  a.m.  Blood  sugar — 0.150  per  cent 

9:45  a.m.  Insulin  injected 

2:00  p.m.  Blood  sugar — ^0.052  per  cent 

2:50  p.m.  2  cc.  insulin 

4:00  p.m.  Convulsions  occurred.     Blood  sugar— 0.033  per  cent 

4:20  p.m.  Severe  convulsions,  4  grams  xylose  injected  subcutaneously 

4:30  p.m.  Severe  convulsions  followed  by  collapse  and  cessation  of  respiration; 

4  grams  glucose  injected — artificial  respiration 

4:37  p.m.  Partial  recovery 

4:45  p.m.  Complete  recovery 
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These  results  show  that  although  it  raises  the  blood  sugar,  arabinose 
cannot  alleviate  the  symptoms,  neither  can  xylose,  but  in  this  case  it 
is  not  certain  that  absorption  into  the  blood  had  occurred  since  there 
was  no  determination  of  the  percentage  of  the  blood  sugar. 

MoNOSACCHAEiDE  HExosES.  With  the  available  sugars  of  this  group 
— galactose  and  levulose — a  temporary  recovery  of  the  symptoms  was 
sometimes  observed  so  that  more  experiments  were  necessary  than 
in  the  case  of  the  pentoses.     Typical  results  are  recorded. 

Galactose 
(1)  Rabbit,  weight  2.6  kgm. 

8:30  a.m.  Blood  sugar  0.130  per  cent 

8:35  a.m.  4  cc.  insulin  in  injected 

3:03  p.m.  Convulsions.     Blood  sugar — 0.039  per  cent 

3:18  p.m.  Severe  convulsions,  4  grams  galactose  injected 

3:30  p.m.  Rabbit  sitting  up,  apparently  recovered 

3:45  p.m.  Convulsions 

3:46  p.m.  Comatose.    Blood  sugar— 0.108  per  cent 

3:55  p.m.  Sitting  up 

4:30  p.m.  Convulsions 

4:45  p.m.  Comatose.    Blood  sugar — 0.080  per  cent 
Dead  next  morning 

(2)  Rabbit,  weight  1.95  kgm, 

9:30  a.m.  Blood  sugar — ^0.162  per  cent 

9:50  a.m.  4  cc.  insulin  injected 

1:20  p.m.  2  cc.  insulin  injected 

2:30  p.m.  Blood  sugar — 0.105  per  cent 

2:40  p.m.  2  cc.  insulin 

7:30  p.m.  4  cc.  insulin 

8:45  p.m.  Rabbit  collapsed.     Blood  sugar — 0.042  per  cent 

9:10  p.m.  4  grams  galactose  injected,  condition  unchanged 

9:40  p.m.  Blood  sugar — 0.138  per  cent,  condition  unchanged 

9:50  p.m.  Can  sit  up 

10:15  p.m.  Hopping  around 

10:30  p.m.  Collapse 

10:55  p.m.  Convulsions.     Blood  sugar — 0.203  per  cent 

11:03  p.m.  Sitting  up,  seems  recovered 
Dead  next  morning 

(3)  Rabbit,  weight  unrecorded 

9:30  a.m.  Blood  sugar — 0.113  per  cent 

9:40  a.m.  5  cc.  insulin  (skate) 

10:40  a.m.  Violent  convulsions.     Blood  sugar — 0.042  per  cent 

10:45  a.m.  4  grams  galactose  injected 


552  E.    C.    NOBLE   AND    J.    J.    R.    MACLEOD 

11:00  a.m.     Lying  in  collapsed  condition  but  when  roused  hops  unsteadily  for  a 

few  feet.     Blood  sugar — 0.082  per  cent 
11:15  a.m.     Occasionally  tries  to  sit  up 

11:30  a.m.     Hops  about  unsteadily.    Blood  sugar— 0.112  per  cent 
12:25  p.m.     Sitting  up,  chewing  movements 
12:35  p.m.     Blood  sugar  0.106  per  cent 

1:15-3:00  p.m.     Condition  unchanged,  no  convulsions 

3:00  p.m.     Blood  sugar  0.036  per  cent 

3:50  p.m.     Blood  sugar  0.041  per  cent,  very  drowsy 

4:45  p.m.     Blood  sugar  0.056  per  cent,  very  drowsy 

These  observations  show  that  galactose  can  partially  antidote  the 
convulsions  due  to  insulin.  Its  effect,  in  comparison  with  that  of 
glucose,  is  however  unsatisfactory,  being  delayed  and  the  process 
of  recovery  usually  interrupted  by  periods  of  relapse.  This  occurs 
even  although  the  blood  sugar  stands  at  a  high  level.  These  relapses 
are  likely  to  become  more  severe  and  in  two  of  the  observations  with 
this  sugar  the  animal  was  found  dead  on  the  morning  following  the 
experiment.  In  the  remaining  case  relapses  were  not  present  and 
although  the  blood  sugar  did  not  recover  nearly  so  well  as  in  the  others, 
the  aaimal  survived.  Galactose  has  been  given  in  several  other  cases 
with. the  same  partially  successful  results.  This  conclusion  agrees 
exactly  with  that  of  Mann  and  Magath  on  dogs  showing  hypoglycemia 
as  a  result  of  removal  of  the  liver. 

Levulose 

(1)  Rabbit,  weight  2.6  kgm. 

Blood  sugar— 0.146  per  cent 
5  cc.  insulin 
Several  convulsions 

Convulsion.     Blood  sugar — -0.036  per  cent 
4  grams  levulose  injected 
Rabbit  able  to  sit  up 
Hopping  about,  apparently  quite  normal 
Blood  sugar — ^0.095  per  cent 
Blood  sugar — -0.103  per  cent 

Quite  normal  until  this  time  when  collapse  occurred;  4  grams  glucose 
injected  with  complete  recovery  within  15  minutes 

(2)  Rabbit,  weight  2.25  kgm. 

Blood  sugar— 0.125  per  cent 
4  cc.  insulin  injected 
Blood  sugar  0.051  per  cent 

Blood  sugar — 0.039  per  cent.     Rabbit  very  hyperexcitable — seemed 
to  recover  as  soon  as  sample  was  taken 
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7:15  p.m.     1  cc.  insulin  injected 

7:50  p.m.     Violent  convulsion — after  which  rabbit  seemed  recovered 

8:30  p.m.     1  cc.  insulin  injected 

8:45  p.m.    Violent  convulsions — respirations   ceased — given  4  grams   levulose 
and  artificial  respiration  for  half  a  minute 

8:53  p.m.     Sitting  up 

9:03  p.m.     Blood  sugar — 0.122  per  cent — can  hop  about 
10:20  p.m.     Hopping  about  in  a  circle — -1  gram  levulose  injected 
11:30  p.m.     Animal  was  apparently  quite  recovered 
Dead  next  morning 

(3)  Rabbit,  weight  unrecorded 

9:44  a.m.     Blood  sugar — 0.133  per  cent 

9:45  a.m.     5  cc.  insulin  (skate) 
10:50  a.m.     Blood  sugar — -0.042  per  cent 
11:15  a.m.     Convulsions 

11:20  a.m.     Blood  sugar — -0.022  per  cent.     Convulsions 
11:28  a.m.     4  grams  levulose 

11:32  a.m.     Convulsions.     Blood  sugar — 0.089  per  cent 
11:42  a.m.     Sitting  up 
11:48  a.m.     Hopping  about 
12:05  p.m.    Blood  sugar — 0.105  per  cent 
12:15  p.m.    Convulsions 
12:18  p.m.     Blood  sugar — -0.099  per  cent 
12:20  p.m.     2  grams  levulose  injected 
12:23  p.m.     Severe  convulsion 
12:50  p.m.     Hopping  about 

1:30  p.m.     Lying  on  side 

1:50  p.m.    Convulsion,     Blood  sugar — 0.092  per  cent 

2:00  p.m.     Collapsed 

2:35  p.m.    4  grams  glucose 

2:45  p.m.     Hopping  about  in  normal  fashion 

4:00  p.m.     Normal,  blood  sugar — 0.130  per  cent 

The  animal  was  then  killed  and  the  subcutaneous  tissue  of  the  abdominal  walls 
found  to  be  very  edematous.  This  tissue  and  the  clear  watery  fluid  exuding  from 
it  were  collected  and  found  to  contain  a  very  large  amount  of  sugar. 

(4)  This  observation  was  almost  a  counterpart  of  no.  3.  Severe  convulsions 
were  observed  at  0.035  per  cent  blood  sugar.  During  an  hour  following  4  grams 
levulose  there  were  temporary  periods  of  recovery  and  the  blood  sugar  rose  to 
0.094  per  cent.  Four  grams  glucose  were  then  given  with  immediate  and  per- 
manent recovery. 

The  results  with  levulose  show  that  this  sugar  can  almost  be  used 
as  a  substitute  for  glucose,  the  characteristic  feature  of  its  action  (as 
shown  typically  in  exper.  3)  being  that  the  convulsions  readily  relapse 
after  an  apparently  prompt  recovery  following  its  injection.  It  must 
be  remembered  that  these  relapses  may  also  occur  some  time  after 
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glucose  (2  grams  per  kilo)  has  been  injected  but  in  this  case  a  further 
injection  has  almost  invariably  been  found  efficacious,  which  has  not 
been  found  to  be  the  case  with  levulose.  With  glucose  also  the  recovery 
for  some  time  following  an  injection  is  usually  complete  while  with 
levulose  the  animal  appears  to  be  continually  on  the  verge  of  convulsions. 
This  result  does  not  agree  with  those  of  Mann  and  Magath  who  did  not 
find  that  injections  of  levulose  had  any  beneficial  effect  on  the  similar 
symptoms  of  dogs  rendered  hypoglycemic  by  removal  of  the  liver. 
We  have  frequently  repeated  the  observations  and  are  quite  convinced 
of  the  temporary  beneficial  effect  of  levulose. 

DisACCHARiDEs :  Maltosc 

(1)  Rabbit,  weight  2.0  kgm. 

9:20  a.m.     Blood  sugar— 0.139  per  cent 

9;50  a.m.     4  cc.  insulin  injected  subcutaneously 
12:40  p.m.     Convulsion 

12:42  p.m.    Blood  sugar — ^0.051  per  cent — seems  recovered 
12:51  p.m.    Severe  convulsions — 4  grams  maltose  subcutaneously 
12:58  p.m.    Collapsed 

1:05  &  1:09  p.m.    Convulsion 

1:12  p.m.    Sitting  up 

1:25  p.m.     Blood  sugar — 0.165  per  cent 

1:27-2  p.m.     Convulsions  every  few  minutes  with  apparent  recovery  in  between 

2:10  p.m.     Blood  sugar — 0.240  per  cent 

2:10-4:55  p.m.    Alternate  periods  of  convulsions  and  recovery  till  respirations 
ceased  at  4:55  p.m. 

(2)  Rabbit,  weight  2.1  kgm. 

9:05  a.m.     Blood  sugar — 0.123  per  cent 

9:15  a.m.     4  cc.  insulin  injected  subcutaneously 
12:00  m.        Convulsions 

12:20  p.m.     Convulsion — 4  grams  maltose  injected  subcutaneously 
12:35  p.m.    Blood  sugar- — 0.073  per  cent— seems  recovered 

1:25  p.m.     Blood  sugar— 0.119  per  cent — sitting  up 

1:50  p.m.    Rabbit  is  listless,  but  if  disturbed  is  able  to  hop  about 

2:30  p.m.     Blood  sugar— 0.109  per  cent — condition  unchanged 

3:05  p.m.    Comatose 

3:10  p.m.    Convulsions 

3:15  p.m.     Blood  sugar — ^0.120  per  cent — severe  convulsion 

3:18  p.m.     Respirations  ceased — 4  grams  maltose  injected  and  artificial  respira- 
tion maintained 

3:20  p.m.     Respirations  returned 

3:30  p.m.     Animal  died 
The  observations  with  maltose  were  repeated  with  the  modification  that  the 
injections  were  made  intravenously  instead  of  subcutaneously. 
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Rabbit,  weight  2  kgm. 

9:50  a.m.  Blood  sugar  0.130  per  cent 

10:10  a.m.  3  cc.  insulin 

12:05  p.m.  Hyperexcitable 

1:20  p.m.  Blood  sugar  0.051  per  cent 

2:00  p.m.  3  cc.  more  insulin 

3:10  p.m.  Violent  convulsion 

3:25  p.m.  2  grams  maltose  in  ear  vein 

3:55  p.m.  2  grams  maltose 

5:45  p.m.  Rabbit  very  drowsy  but  no  convulsions 

6:10  p.m.  Violent  convulsion 

6:40  p.m.  Died 

Rabbit,  weight  2.15  kgm. 

9:57  a.m.  Blood  sugar  0.125  per  cent 

10:11  a.m.  4.3  cc.  insulin 

1:30  p.m.  Blood  sugar  0.077  per  cent 

2:03  p.m.  4.3  cc.  more  insulin 

5:00  p.m.  Convulsions 

5:25  p.m.  Convulsions.     Sits  up  between  attacks 

5:35  p.m.  3  grams  maltose  into  ear  vein 

5:40  p.m.  Lying  in  drowsy  condition 

6:00  p.m.  Appears  much  recovered 

6:12  p.m.  1  gram  maltose  into  ear  vein 

8:00  p.m.  Much  recovered  and  moves  about  normally  when  disturbed 

10:00  p.m.  Condition  unchanged 

Lactose 

Rabbit,  weight  2.3  kgm. 

9:40  a.m.  Blood  sugar — 0.114  per  cent 

9:50  a.m.  4  cc.  insulin  injected 

1:50  p.m.  Blood  sugar — 0.064  per  cent 

4:20  p.m.  Hyperexcitable 

5:25  p.m.  Violent  convulsions — 4  grams  lactose  injected 

5:29  p.m.  Blood  sugar— 0.047  per  cent 

5:35  p.m.  Animal  comatose 

5:48  p.m.  Blood  sugar— 0.089  per  cent 

6:00  p.m.  Comatose 

7:10  p.m.  Dead 

Sucrose 

(1)  Rabbit,  weight  2.0  kgm. 

9:45  a.m.  Blood  sugar — 0.112  per  cent 

11:25  a.m.  4  cc.  insulin  injected 

7:35  p.m.  Blood  sugar — 0.038  per  cent — -hyperexcitable 

8:10  p.m.  Blood  sugar — 0.041  per  cent — severe  convulsions 

8:25  p.m.  Severe  convulsions — -4  grams  sucrose  injected 
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Sitting  up 

Convulsion 

Blood  sugar — 0.042  per  cent — severe  convulsion 

Sitting  up 

Blood  sugar — 0.059  per  cent — convulsions 

Severe  convulsions —  4  grams  glucose  injected 

Sitting  up — can  hop  about 

Blood  sugar — 0.116  per  cent — complete  recovery 

(2)  Rabbit,  weight  2.1  kgm. 

Blood  sugar — 0.123  per  cent 

4  cc.  insulin  injected 

Convulsion 

Severe  convulsion 

Blood  sugar— 0.036  per  cent — severe  convulsions  till  at 

4  grams  sucrose  were  injected — animal  comatose 

Convulsion 

Comatose 

Blood  sugar — 0.052  per  cent — comatose 

Severe  convulsion 

Respirations  ceased — 4  grams  glucose  and  artificial  respiration 

Sitting  up 

Blood  sugar — 0.270  per  cent — -seems  normal  except  that  jaws  move  for 

considerable  periods,  at  intervals 
Comatose — 3  grams  glucose  and  levulose  mixed 
Sitting  up  unsteadily 
Next  day — convulsions  and  death 

(3)  Rabbit,  weight  2.5  kgm. 

Blood  sugar — 0.122  per  cent 

4  cc.  insulin  injected 

Severe  convulsions^ — blood  sugar — 0.036  per  cent 

Convulsions — 4  grams  sucrose  injected 

Violent  convulsions 

Comatose 

Convulsion — ^blood  sugar — 0.054  per  cent 

Convulsion 

Convulsion— 4  grams  glucose  injected 

Sitting  up — normal 

Convulsions — dead  next  morning 

The  results  with  the  disaccharides  are  interesting  because  they  show 
that  the  extent  to  which  hydrolysis  may  occur  in  the  blood  is  not  ade- 
quate even  in  the  case  of  maltose  to  yield  a  sufficient  concentration  of 
glucose  to  antidote  the  convulsions,  neither  can  any  one  of  these  sugars, 
by  itself,  perform  this  function.  This  result  is  rather  unexpected  in  the 
case  of  maltose  since  it  is  commonly  believed  that  the  blood  and  tissues 
contain  a  considerable  amount  of  maltase.^ 

»  cf .  Oppenheimer,  Die  Fermente,  Leipzig,  3rd  August,  1910. 
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In  the  experiments  in  which  this  sugar  was  injected  either  subcu- 
taneously  or  intravenously  the  percentage  of  blood  sugar  became  im- 
mediately raised  but  there  was  no  decided  alle\  iation  of  the  sj^mptoms, 
although  a  part  of  the  increase  in  blood  sugar  was  presumably  due  to 
glucose.  When  lactose  was  injected,  the  increase  in  blood  sugar  was 
not  so  marked  as  in  the  case  of  maltose  and  there  was  no  evidence  that 
the  severity  of  the  symptoms  was  in  any  degree  abated.  The  less 
marked  effect  on  the  blood  sugar  may  depend  on  slow  absorption  of 
lactose  from  the  subcutaneous  tissues  and  since  there  is  no  lactase  in 
blood,  none  of  the  increase  in  reducing  power  which  did  occur  can  have 
been  due  to  glucose.  The  results  with  sucrose  show  an  insignificant 
increase  in  the  blood  sugar  over  the  lowest  percentages  found  about  the 
time  at  which  convulsions  occurred,  a  result  which  w^ould  be  expected 
since  there  is  no  sucrase  in  the  blood  of  normal  animals,  and  there 
was  no  alleviation  of  the  symptoms.  This  occurred  however  within 
a  few  minutes  of  the  injection  of  glucose  although  in  two  of  the  three 
animals  of  this  group  the  symptoms  ultimately  reappeared  and  the 
animals  died.  This  late  effect  is  difficult  to  explain.  It  may  depend 
on  the  considerable  time  (1  to  2  hours)  the  animals  were  in  convulsions 
during  which  irreparable  damage  may  have  been  done  the  nerve  cells. 
In  the  one  animal  which  survived  however  the  convulsions  lasted  for 
nearly  2  hours. 

The  unsatisfactory  action  of  maltose  renders  it  practically  certain 
that  glycogen  would  have  no  effect  in  antidoting  the  symptoms.  Never- 
theless it  was  thought  of  interest  to  inject  this  substance  in  order  to  see 
whether  there  is  a  sufficient  amount  of  glycogenase  in  the  blood  to  cause 
an  appreciable  increase  in  the  sugar  content.  In  two  such  experiments 
the  results  were  entirely  negative  both  with  regard  to  the  symptoms  and 
any  change  in  the  percentage  of  blood  sugar.  The  negative  character 
of  these  results  may  have  been  due  to  slow  absorption  because  of  the 
colloidal  nature  of  glycogen. 

The  specific  effect  of  glucose  in  alleviating  the  hypoglycemic  symptoms 
offers  an  opportunity  to  determine  whether  non-carbohydrate  sub- 
stances might  be  synthesized  in  the  body  so  as  to  produce  either  glucose 
or  some  other  reducing  sugar.  If  glucose  were  formed  the  hypoglycemic 
symptoms  would  be  relieved  and  the  blood  sugar  percentage  raised; 
whereas  if  other  sugars  were  formed  the  latter  only  would  occur,  as  for 
example  is  the  case  with  arabinose  or  maltose.  Observations  have  so 
far  been  made  using  glycerol  and  sodium  lactate  (racemic).  In  one 
experiment  the  effect  of  ethyl  alcohol  was  also  tried. 


558  E.    C.    NOBLE   AND   J.    J.    R.    MACLEOD 

Glycerol 
Rabbit,  weight  2.7  kgm. 

Blood  sugar — 0.130  per  cent 

4  cc.  insulin  ' 

Convulsions 

Convulsions 

Blood  sugar — 0.054  per  cent — rabbit  seems  recovered  somewhat 

Severe  convulsions — -10  cc.  glycerol  injected 

Blood  sugar— 0.064  per  cent — animal  in  a  semi-conscious  condition 

Blood  sugar — 0.048  per  cent— condition  unchanged 

Mild  convulsion 

Severe  convulsion 

Severe  convulsion — 4  grams  glucose  injected 

Animal  dead 

Rabbit,  weight  2.4  kgm. 

Blood  sugar — -0.123  per  cent 

4  cc.  insulin 

Blood  sugar- — 0.033  per  cent — convulsions 

Comatose— 50  cc.  of  12  per  cent  alcohol  injected  subcutaneously 

Violent  convulsion 

Semi-comatose 

Blood  sugar — 0.018  per  cent — comatose 

Blood  sugar — 0.021  per  cent — respiration  suddenly  ceased.     Given  4 

grams  glucose  and  artificial  respiration 
Respirations  returned— still  comatose 
Condition  unchanged 

Sodium  lactate 
Rabbit,  weight  2.85  kgm. 

9:20  a.m.  Blood  sugar — 0.132  per  cent 

9:45  a.m.  2  cc.  insulin 

10:45  a.m.  Blood  sugar— 0.060  per  cent 

12:00  a.m.  2  cc.  insulin 

2:25  p.m.  Blood  sugar — 0.046  per  cent — hyperexcitable 

3:12  p.m.  1  cc.  insulin 

3:50  p.m.  Convulsion — blood  sugar — 0.051  per  cent 

4:10  p.m.  Severe  convulsion — given  10  cc.  of  a  solution  of  sodium  lactate 
(containing  4  grams  lactic  acid)  subcutaneously 

4:20  p.m.  Sitting  up 

4:30  p.m.  Convulsion 

4:35  p.m.  Blood  sugar— 0.047  per  cent 

4:36  p.m.  Convulsion 

4:40  p.m.  Convulsion — 10  cc.  sodium  lactate  solution  (4  grams  lactic  acid) 
injected 

4:55  p.m.  Severe  convulsions 

5:05  p.m.  Blood  sugar— 0.051  per  cent— seems  recovered  slightly 
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6:15  p.m.  Convulsion 

5:50  p.m.  Severe  convulsion — 4  grams  glucose  injected 

6:00  p.m.  Sitting  up — seems  normal 

9:30  p.m.  Convulsions  again  appeared 

9:50  p.m.  4  grams  glucose  injected  but  animal  died 

9:52  p.m.  Blood  sugar — 0.052  per  cent — obtained  from  heart 

(2)  Rabbit,  weight  unrecorded 

Normal  blood  sugar  not  taken 

Blood  sugar — 0.035  per  cent  after  insulin 

1:37  p.m.     19  cc.  Na  lactate  (  4  grams  lactic  acid)  injected  subcutaneously 

1:44  p.m.    Severe  convulsions 

1:50  p.m.    Blood  sugar — 0.055  per  cent — animal  seems  recovered 

2:00  p.m.     Animal  sitting  up^ — -quite  listless 

2:20  p.m.     Blood  sugar — 0.097  per  cent — condition  unchanged 

4:10  p.m.    Able  to  hop  about 
10:30  p.m.    Mild  convulsion 

10:45  p.m.     Blood  sugar — 0.100  per  cent — animal  listless 
Found  dead  next  day 

It  is  perfectly  clear  that  neither  glycerol  nor  alcohol  has  any  effect 
either  on  the  reducing  power  of  the  blood  or  on  the  symptoms.  In  the 
most  carefuUy  controlled  observation  in  which  sodium  lactate  was  in- 
jected no  increase  in  blood  sugar  occurred  but  in  another  experiment 
this  seemed  to  be  the  case.  One  result  of  this  nature  cannot,  however, 
be  taken  as  conclusive  evidence  that  a  synthesis  of  lactic  acid  to  glucose 
had  taken  place  since  the  effect  may  be  due  to  spontaneous  recovery 
of  the  animal  from  insulin.  Further  observations  on  the  effect  of  lac- 
tates are  however  indicated  by  these  results. 

Collip  has  observed  that  there  is  a  decrease  in  the  carbon  dioxide 
carrying  power  of  the  blood  and  that  acetone  bodies  often  make  their 
appearance  in  the  urine  of  rabbits  injected  with  insulin  (3).  Dixon 
and  Pember  in  this  laboratory  have  also  noted  marked  hyperpnea 
accompanied  by  a  rise  in  the  respiratory  quotient  often  to  well  over 
unity,  in  similarly  treated  normal  dogs.  Since  these  facts  indicate  a 
disturbance  in  the  acid  base  equihbrium  we  have  on  several  occasions 
injected  solutions  of  bicarbonate  or  carbonate  subcutaneously  into 
rabbits  showing  characteristic  symptoms  but  have  never  observed  that 
they  are  thereby  abated. 

CONCLUSIONS 

1.  The  only  sugar  which  can  definitely  antidote  the  symptoms  that 
accompany  the  hypoglycemia  due  to  insulia  is  glucose.  Even  when  the 
animal  is  moribund  at  the  time  of  injection  this  sugar  may  bring  about 
permanent  recovery. 
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2.  Levulose,*  galactose  and  maltose  may  be  followed  by  temporary 
slight  improvement  in  the  symptoms  and  they  cause  a  marked  increase 
in  the  blood  sugar. 

3.  Arabinose,  xylose,  sucrose  and  lactose  have  no  apparent  effect  on 
the  symptoms  although  there  may  be  an  increase  in  the  reducing  power 
of  the  blood  (e.g.,  with  arabinose). 

4.  Sodium  lactate,  glycerol  and  alkahes  have  no  effect  on  the 
symptoms. 

BIBLIOGRAPHY 

(1)  Banting,  Best,  Collip,  Macleod  and  Noble:  This  Journal,  1922,  Ixii,  162, 

559. 

(2)  Mann  and  Maqath:  Arch.  Int.  Med.,  1922,  xxx,  73,  171. 

(3)  Collip:  Free.  Soc.  of  Biol.  Chemists,  1922. 

2  It  has  since  been  found  that  mannose  is  almost  as  eflBcient  as  glucose  in 
removing  the  symptoms. 
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OBSERVATIONS  ON  THE  RELIABILITY  OF  THE  COMF-THERMOME- 
TER  (FRESH-AIR  GAUGE)  AS  AN  INDICATOR  FOR 
THE  COOLING  EFFECT  OF  AIR* 

H.  I.  Eadie,  D.  Hargood  Ash,  and  T.  C.  Angus 

PREPARED  UNDER  THE  DIRECTION  OF 

LEONARD  HILL,  J.  J.  R.  MACLEOD,  AND  J.  SATTERLY 


THE  fresh-air  gauge,  or  **comf," 
consists  of  a  cylindrical  metal  box 
18  cm.  high  and  10  cm.  in  diameter,  in 
which  is  inserted  an  8  candle-power  car- 
bon filament  lamp,  of  known  wattage, 
the  lower  part  of  the  box  being  remov- 
able for  this  purpose.  On  the  top  of  the 
box  is  fixed  a  metal  cone  which,  in  its 
turn,  forms  a  union  with  a  chimney  25 
cm.  long  and  2^2  cm.  in  diameter.  There 
are  some  holes  in  the  lower  and  upper 
part  of  the  box  for  purposes  of  ventila- 
tion. An  ordinary  dry  bulb  thermometer 
is  introduced  into  the  chimney  so  that 
the  bulb  hangs  centrally  within  it  at 
a  depth  of  9  cm.  The  thermometer  is 
attached  to  the  top  of  a  chimney  by 
means  of  a  suitable  grip.  Given  a  main 
current  of  suitable  voltage  which  re 
mains  uniform,  or  which  varies  only 
slightly,  the  8  candle-power  lamp  acts 
as  a  constant  source  of  heat,  while  the 
box  and  the  chimney  are  cooled  by  radi- 
ation and  convection.  The  instrument 
is  siioAvn  in  Figure  1. 

Observations  were  taken  in  Toronto 
by  Miss  Eadie  in  order  (1)  to  obtain, 
if  possible,  a  relation  between  the  comf 
and  kata-thermometer  readings;  (2)  to 
determine  the  agreement  between  comfs 
taking  the  same  current;  (3)  to  test  the 
results  of  altering  the  number  of  ven- 

*This  investigation  was  done  under  the  Medical 
Researcli  Council,  London,  England,  and  the  Re- 
search Committee,  Department  of  Public  Health, 
Ottawa,  Canada.  Received  for  publication  Aug.  31, 
1922. 


tilation  holes;  (4)  to  test  the  rate  of 
adjustment  to  varying  conditions;  and 
(5)  to  obtain,  if  possible,  a  relation  be- 
tween comf  and  kata  in  an  air  current. 

Observations  to  Obtain  Relation  be- 
tween Comf  and  Kata-Thermometer 
Readings. — The  comf  was  set  up  in  a 
small  room  and  allowed  to  heat  up  until 
the  reading  became  fairly  steady.  Then 
readings  were  taken  at  intervals  of 
about  five  minutes.  Kata-thermometer 
readings  were  taken  simultaneously 
with  those  of  the  comf.  Readings  of 
kata  and  comf  were  then  plotted  against 
time.  Figures  2  and  3  are  typical  of 
the  large  number  of  curves  which  were 
obtained  in  this  way.  The  parallelism 
of  the  curves  shows  that  changes  in  the 
condition  of  the  air  produce  similar 
changes  in  both  the  comf  and  the  dry 
kata-thermometer. 

It  was  found  that  any  disturbance  of 
the  wire  gauze,  which  kept  the  ther- 
mometer central,  produced  a  change  in 
the  readings.  This  gauze  was,  therefore, 
discarded,  and  the  thermometer  was 
suspended  from  a  hook  on  the  end  of  a 
rod  which  was  soldered  to  the  chimnf^y 
of  the  comf.  The  lower  end  of  the  ther- 
mometer was  fixed  by  means  of  a  small 
spring  of  brass  wire.  New  sets  of  read- 
ings were  obtained  similar  to  those 
already  described  and,  from  these,  pairs 
of  comf  and  kata  readings  were  selected 
at  random.  Figures  4a  and  4b  show  the 
straight  lines  obtained  by  using  these 
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Fig.  1. — Fresh-air  gauge  or  comf. 

observations  for  currents  of  0.195  am- 
peres and  0.245  amperes,  respectively, 
the  two  equations  connecting  the  kata 
reading  K  and  the  comf  reading  0  being- 
K  =  18  -  0.29  C,  and  K  =  16.7  -  0.23  C. 
Two  comfs  were  set  up  in  a  lecture 


room,  one  at  the  back  and  the  other  at 
the  front.  During  the  classes  readings 
were  taken  at  the  back  at  intervals  of 
about  five  minutes,  and  at  the  front 
whenever  possible.  Readings  of  the 
kata-thermometer  were  taken  simul- 
taneously with  those  of  the  comf  at  the 
back.  The  current  used  was  practically 
constant  and  the  comf  readings  were  ex- 
pressed in  millicalories  per  square 
centimeter  per  second  by  means  of  the 
equation  obtained.  These  readings  and 
the  kata  readings  were  plotted  against 
time,  and  the  results  shown  in  Figure  5 
were  obtained.  The  unbroken  line  gives 
comfimeter  readings;  broken  line,  kata 
readings.  It  will  be  seen  that  in  all 
but  one  case  the  two  curves  are  almost 
exactly  coincident.  The  comf  at  the 
front  of  the  room  always  gave  a  reading 
about  10° C.  lower  than  the  one  at  the 
back. 

Agreement  between  Comfs  Taking 
Same  Current. — Figure  6  shows  the 
curves  of  three  comfs  all  taking  the 
same  current,  0.280  amperes  in  the 
lamp.  A  and  b  are  for  comfs  which 
were  similarly  made.  C  is  for  a  comf, 
the  chimney  of  which  was  painted  black. 

Results  of  Altering  Number  of  Ven- 
tilation Holes. — The  number  of  perfora- 
tions in  the  conical  part  of  a  comf  was 
incre  sed  and  its  curve  again  found. 
Figure  7  illustrates  the  results  obtained. 
Points  marked  X  were  obtained  from  a 
comf  with  a  single  row  of  holes.  Points 
marked  (X)  were  obtained  from  a  comf 
with  a  double  row  of  holes.  It  is  ob- 
vious that  increasing  the  number  of 
holes  does  not  affect  the  ultimate  height 
of  the  curve  of  the  comf. 

Rate  of  Adjustment  to  Varying  Con- 
ditions.— The  rate  of  adjustment  to 
changing  conditions  was  tested  (1)  with 
a  single  row  of  holes,  and  (2)  with  a 
double   row  of  holes.     Readings  were 


EADIE,  ASH  AND  ANGUS— USE  OF  COMF-THERMOMETER      443 


V3*       3.7 

if 

IE 

o 


Fig.  2. — Variation  with  time  of  heat  loss  from  liata  and  temperature  of 
comf.  Abscissas=time  in  minutes.  Ordinates  for  kata  readings =millicalo- 
ries  emitted  per  square  cejitimeter  per  second ;  ordinates  for  comf  readings^ 
degrees  centigrade. 
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Fig.  3. — Variation  with  time  of  heat  loss  from  kata  and  temperature  of 
comf.    Abscissas  and  ordinates  the  same  as  in  Figure  2. 


taken  of  the  rate  of  fall  of  temperature 
of  the  comf  thermometer  in  a  draft 
'produced  hy  a  fan.  The  results  obtained 
are  shown  in  Figure  8.  In  this  chart, 
comf  readings  are  plotted  against  time, 
so  that  the  slope  of  the  curve  gives  the 
rate  of  adjustment.  The  fact  that  the 
two  curves  are  practically  parallel 
shows  that  increasing  the  number  of 
holes  does  not  affect  the  rate  of  adjust- 
ment to  changing  conditions. 

Relation  hetiveen  Comf  and  Kata  in 
Air  Current. — Fig-ure  9  shows  the  re- 
sults  obtained   by   taking   readings    in 


different  degrees  of  draft.  The  points 
marked  F  were  taken  in  the  draft  (a 
large  fan  was  used  to  produce  the  draft 
and  conditions  were  such  that  both  in- 
struments were  in  the  same  current  of 
air).  The  points  marked  S  were  taken 
in  still  air.  This  seems  to  indicate  that 
a  straight  line  is  obtained  between  kata 
and  comf  readings  in  different  degrees 
of  draft  down  to  a  certain  limiting  value 
which  would  not  be  approached  under 
ordinary  conditions ;  and  that  this  curve 
agrees  very  well  with  that  obtained  in 
still  air  (the  dotted  line  in  the  chart). 
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The  curve,  of  course,  breaks  down  when 
a  great  degree  of  draft  is  reached,  for 
at  this  point,  if  the  line  were  continued, 
the  kata  reading  would  correspond  with 
a  comf  thermometer  reading  lower  than 
the  temperature  of  the. room,  which  is, 
of  course,  impossible. 

The    instruments    used    at    Toronto 
were  of  unpainted  tin;   those  used  in 
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Figs.  4a  and  4b. — Calibration  curves  of  a  com- 
fimeter  with  different  currents  through  the  lamp. 
Abscissas=comf  temperature  in  degrees  centi- 
grade ;  ordiuates=:millicalories  emitted  per  square 
centimeter  per  second. 

later  experiments  were  covered  with 
black  enamel.  The  wire  gauze  referred 
to  ill  the  observations  to  obtain  the  rela- 
tion, between  comf  and  kata-thermome- 
ter  was  used  in  the  early  form  of  the 
instrument  in  order  to  keep  the  ther- 
mometer central  in  the  chimney.  As  a 
result  of  these  and  similar  experiments 
it  was  afterwards  done  away  with  and 
the  thermometer  was  fixed  rigidly  at 
the  top  of  the  cnimney. 

Observations  were  taken  at  Ilamp- 
stead,  London,  by  Mr.  T.  C.  Angus  in 
order  to  confirm  and  continue  the  re- 
sults of  Miss  Eadie.  A  near  approxi- 
mation to  a  still  air  chamber  was  made 
by  using  a   screen   of   American   cloth 
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Fig.  8. — Behavior  of  two  comfimeters,  A  and  B. 
Fan  turned  on  at  beginning  but  stopped  after 
twelve  minutes.  Abscissas=time  in  minutes; 
ordinates=comf  temperature  in  degrees  centigrade. 

enclosing  a  4-foot  square.  This  was 
open  at  the  top  and  had  a  celluloid 
window  let  in  all  round  about  1  foot 
from  the  top,  for  reading  the  instru- 
ments. Specially  selected  lamps  of  33 
to  35  watts  were  supplied  by  the  Edison- 
Swan  Electric  Company  both  for  200 
and  100  volt  circuits. 


Fro.  9. — Determination  of  comfimeter  constant  by 
comparison  with  kata.  Points  xF  indicate  fan  on ; 
points  xS  indicate  still  air.  Broken  line  shows 
a  curve  previously  obtained.  Abscissas=comf 
temperature  in  degrees  centigrade;  ordinates= 
millicalories  per  square  centimeter  per  second. 

Five  comfs  were  fitted  with  ther- 
mometers which  had  been  tested  and 
were  found  to  read  together,  and  these 
were  placed  on  a  wooden  support  inside 
the  screen.  The  connections  were  taken 
off  in  parallel  from  one  lead.  Table  1 
gives  the  time,  the  temperature  inside 
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and  outside  the  enclosure,  and  the  read- 
ings of  the  five  comfs.  It  will  be  seen 
from  the  observations  when  A  and  B 
were  interchanged  that  the  slight  vari- 
ations were  due  to  position.  Figure  10 
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shows  these  observations  plotted  for  A 
and  B.  The  time  during  which  they 
were  taken  was  eighty  minutes. 

Observations  were  also  taken  within 
the  screen  in  order  to  determine  the 
effect  of  the  variation  of  voltage,  the 
temperature  being  approximately  con- 
stant. From  the  results  shown  in  Fig- 
ure 11  it  will  be  seen  that  a  ±  6  per  cent. 


voltage  variation  causes  a  difference  of 
about  1.5°  C.  in  comf  reading. 

Figure  10  also  shows  that  about  thirty 
minutes  must  be  allowed  for  the  comf 
to  get  in  a  steady  state  before  the  read- 
ings are  taken. 

Many  observations  taken  at  Hamp- 
stead  confirm  the  conclusion  drawn 
from  the  observations  made  at  Toronto 
— namely,  that  in  still  air  a  linear  rela- 
tion exists  between  the  kata  and  comf 
readings.  Table  2  shows  readings  of 
both  instruments  taken  at  Hampstead, 
the  comf  being  run  off,  the  ordinary 
lighting  mains  of  the  building.  These 
mains  are  used  for  ''lifts"  and  at  times 
considerable  variation  in  the  voltage  is 
experienced.  As  will  be  seen  from  Table 
2,  the  observations  were  taken  in  vari- 
ous parts  of  different  rooms.  The 
equation  obtained  with  these  observa- 
tions gives  a  relation  between  the  cool- 
ing power  H  and  the  comf  reading  C, 
namely,  H  =  16.8  -  0.35  C.  The  column 
H  calculated  gives  the  values  obtained 
by  using  this  equation  to  find  H  from 
the  column  C.  These  values  give  some 
idea  of  the  variation  that  occurred. 

It  was  found  that  no  simple  relation 
existed  between  the  two  instruments  in 
a  fast  air  current. 

CON-CLUSIONS 

From  the  foregoing  observations  we 
may  conclude  that  the  comf  is  a  reliable 
instrument  for  indicating  whether  the 
air  conditions  are  satisfactory,  pro- 
vided the  following  precautions  are 
taken : 

1.  That  specially  selected  electric 
light  bulbs   (33-35  watts)   are  used. 

2.  That  a  practically  steady  main 
line  voltage  is  used. 

3.  That  each  instrument  is  calibrated 
before  use  against  a  kata-thermometer. 
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TABLE  1.— COMPARISON  OF  READINGS  OF  FIVE    COMFIMETEiRS    INSIDE    THE    SAME    EN- 
CLOSURE 


Time 


Temperature 


Inside 
Enclosure 


Outside 
Enclosure 


Comfimeter 


D 


E 


min. 

°C. 

°0. 

• 

6 

16.2 



21.7 

22.9 

21.7 

22.0 

21.8 

10 

16.7 



26.7 

28.0 

28.0 

27.1 

27.6 

14 

17.0 

14.8 

30.2 

30.8 

31.0 

30.3 

30.2 

18 

17.0 

14.8 

31.9 

32.1 

32.5 

3L7 

31.8 

21 

17.0 

14.7 

32.7 

33.0 

32.8 

32.6 

32.3 

24 

17.2 

15.0 

34.3 

33.2 

33.1 

33.2 

32.8 

28 

17.3 

15.0 

34.0 

33.6 

33.5 

33.8 

33.4 

33 

17.4 

15.0 

33.7 

33.8 

33.8 

33.8 

33.7 

38 

17.6 

15.3 

33.7 

33.2 

33.9 

33.6 

33.5 

48 

17.8 

15.3 

34.0 

33.5 

34.2 

34.0 

33.7 

49 

17.8 

15.3 

34.3 

33.5 

34.3 

34.2 

33.9 

53 

17.8 

15.5 

34.1 

33.2 

32.3 

33.8 

33.9 

631 





32.6 

33.5 

33.9 

33.4 

34.0 

71 

. 



32.8 

34.1 

34.1 

33.4 

33.2 

83 





33.4 

33.8 

34.4 

33.9 

33.2 

I  The   positions   of   A   and   B    were   interchanged  here. 


TABLE  2.— COMPARATIVE  READINGS  OF  COMFIMETER  AND  KATA-THERMOMETER  TAKEN 
IN  VARIOUS   PARTS   OF  DIFFERENT  ROOMS 


H  Calculated 


Comfimeter  C 


KataH 


Location  of  Instrument  during  Observations 


6.5 
5.0 
6.2 
6.1 
6.7 

6.3 

5.4 

6.0 

6.1 
5.1 
4.6 
5.3 
5.0 
5.7 
3.9 
5.1 


29.56 

33.90 

30.48 

30.70 

28.56 

30.23 
32.70 

30.96 


6.81  2  feet  from  floor;   no  direct  air  current  on  in- 

strument. 

4.67  Instrument     screened     from     direct     draft;     at 

waist  level. 

6.43  At   side   of    room    remote   from    open    windows; 

at  waist  level. 

6.20  At    side   of    room   remote   from   open    door;    on 

floor. 

6.00  In  middle  of  floor ;  window  open  3  inches. 

6.00  In  middle  of  floor ;   window  wide  open. 

5.40  Between  two  open  doors,  on  bench  3  feet  from 

floor. 
6.00  Window   and   two   doors  open ;   on   table  3  feet 

^  from  floor. 


30.70 

5.70 

On  floor. 

33.60 

4.98 

3  feet  from   floor 

34.90 

4.70 

«      i<        ((         « 

32.90 

6.60 

On  floor. 

33.90 

6.80 

i<        « 

31.90 

5.60 

4  feet  from  floor. 

36.90 

4.70 

«      «         «         « 

33.50 

5.20 

On  floor. 

Since  the  relation  between  the  instru- 
ments is  linear,  observations  should  be 
taken  at  three  different  still  air  temper- 
atures, the  results  should  then  be 
plotted    and    a    straight    line    drawn 


through  them;  the  equation  of  this  line 
will  then  be  the  equation  connecting  the 
readings. 

4.    That  the  instrument  is  not  used  in 
a  fast  air  current. 
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The  almost  uniform  rate  at  which  the  percentage  of  sugar  declines 
in  the  blood  of  rabbits  during  the  first  half-hour  or  so  following  the 
injection  of  varying  doses  of  insulin  (1)  would  suggest  the  possibility 
that  increased  glycolysis  in  the  blood  itself  might  be  the  cause.  At  an 
early  stage  in  our  investigations,  therefore,  the  rate  of  glycolysis  in 
blood  (defibrinated)  removed  from  normal  animals  was  compared  with 
the  same  blood  with  insulin  added,  or  in  blood  removed  from  an  ani- 
mal when  the  hypoglycemia  due  to  injection  of  insulin  had  become  pro- 
nounced. If  insulin  could  be  shown  to  alter  the  rate  of  glycolysis  under 
either  of  these  conditions,  it  would  furnish  us  with  a  simple  in  vitro 
method  for  the  pharmacological  assay  of  this  substance,  and  it  would  at 
the  same  time  throw  considerable  light  on  the  physiological  mechanism 
of  its  action  in  producing  hypoglycemia.  In  making  these  observations 
it  was  reahzed  that  the  process  of  glycolysis  in  shed  blood  does  not 
usually  bear  any  relationship  to  the  rate  of  sugar  consmnption  in  the 
intact  animal  (2)  nor  is  it  of  any  value  in  the  diagnosis  of  diabetes.  It 
was  nevertheless  thought  of  importance  to  investigate  thoroughly  the 
possibility  that  insulin  accelerates  blood  glycolysis  since  no  agent  having 
so  pronounced  an  effect  on  the  percentage  of  blood  sugar  in  the  normal 
or  diabetic  animal  had  previously  been  available.  The  demonstration 
by  Hepburn  and  Latchford  (3)  that  sugar  disappears  more  quickly  from 
an  artificial  saline  solution  perfused  through  the  excised  heart  when  in- 
sulin is  added  to  this  fluid  than  otherwise,  does  not  necessarily  imply 
that  absorption  of  sugar  by  the  tissues  is  the  only  mechanism  responsible 
for  the  decline  of  sugar  in  blood,  because  the  same  factors  which  cause 
the  muscle  cells  of  the  heart  to  absorb  the  sugar  might  also  act  on  the 
leucocytes  of  the  blood. 

The  negative  character  of  the  results  with  blood  alone  led  us  step  by 
step  to  investigate  whether  insulin  could  influence  glycolysis  in  the 
other  conditions  in  which  glycolysis  is  believed  to  occur  in  animal  fluids 

462 


INSULIN   AND    GLYCOLYSIS  -463 

and  finalh^  in  conjunction  with  Dr.  Andrew  Hunter  to  see  whether  it 
had  any  effect  on  the  hydrolysis  of  glucose  by  hydrogen  peroxide  or 
ferric  chloride  (4).  Work  on  the  last  mentioned  phase  of  the  problem 
is  not  yet  completed  and  the  present  paper  deals  exclusively  with  the 
effect  of  insulin  on  glycolysis  in  blood  and  in  mixtures  of  blood  or  saline 
and  Buchner  extracts  of  muscle. 

Since  the  experiments  here  reported  were  completed,  Winter  and 
Smith  (5)  have  published  a  preliminary  announcement  in  which  they 
state  that  insulin  activates  a  ferment  present  in  extracts  of  liver  so  as  to 
cause  a  conversion  of  a-^  glucose  into  7  glucose,  which  is  much  more  re- 
active and  is  presumably  therefore  more  readily  utilized  by  the  organ- 
ism. Grave  doubts  have  however  been  cast  by  Hewitt  (9)  on  the 
reliabilitj'  of  the  methods  used  by  Winter  and  Smith  and  we  must  await 
fm-ther  confirmation  of  their  work  before  accepting  their  results. 

The  particular  problems  dealt  with  in  the  present  investigation  are: 

a.  Does  insulin  affect  the  rate  of  glycolysis  in  the  defibrinated  blood 
of  the  dog  or  rabbit,  incubated  outside  the  body  under  sterile  conditions? 

h.  Is  the  rate  of  glycolysis  the  same  in  the  defibrinated  blood  of  a 
normal  animal  as  in  that  of  the  same  animal  some  time  after  injection 
with  insulin? 

c.  Does  insulin  influence  the  rate  of  glycolysis  in  mixtures  of  muscle 
juice  and  blood  or  saline?     (cf.  Cohnheim,  Hall  (6).) 

d.  Does  insulin  influence  the  rate  of  disappearance  of  sugar  from 
sterile  pus?     (Levene  and  Meyer  (7).) 

Methods.  The  blood  was  removed  with  precautions  against  bac- 
terial contamination  and  was  defibrinated  by  shaking  in  sterile  flasks 
with  glass  beads.  It  was  finally  filtered  through  sterile  gauze  into  small 
flasks  which  were  placed  in  the  incubator  and  shaken  at  frequent  in- 
tervals. Samples  of  blood  (1  cc.)  were  removed  with  sterile  precautions 
at  frequent  intervals  and  the  blood  sugar  determined  by  the  Shaffer- 
Hartmann  method.  The  observations  were  not  usually  prolonged  over 
five  hom-s  so  that  accidental  bacterial  contamination  could  not  become 
a  complicating  factor.  In  the  observations  of  group  c,  rabbits  were 
used,  the  muscle  juice  being  prepared  as  follows:  after  stunning,  the 
skin  was  stripped  from  the  legs  and  a  mass  of  the  gluteal  muscles  re- 
moved and  immediately  chopped  fine  and  ground  in  a  mortar  with 
quartz  sand  and  infusorial  earth.  All  this  was  done  with  sterile  pre- 
cautions. The  plup  was  then  enclosed  in  sterile  sail  cloth  and  the  juice 
pressed  out  from  it  under  300  to  400  atmospheres  pressure  in  the  Buchner 
press.  In  one  experiment,  infusorial  earth  was  omitted  in  case  it  might 
"adsorb"  any  active  principle. 
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Results.  A.  Glycolysis  in  defibrinated  blood,  a.  Rabbit  blood. 
Blood  was  collected  from  the  carotid  artery  of  a  rabbit  and  after  de- 
fibrinating  by  means  of  glass  beads,  it  was  divided  into  two  equal  por- 
tions, to  one  of  which,  A,  2  cc.  of  insulin  were  added  and  to  the  other, 
B,  2  cc.  0.9  per  cent  sodium  chloride.  Both  portions  were  incubated 
at  37.0°C.  and  samples  of  1  cc.  removed  at  frequent  intervals  for  analy- 
sis with  the  following  results: 


GLUCOSE   (per  100  cc.  BLOOD^ 

TIME 

A 

B 

■mtiiiitcs 

mr/m. 

mjin. 

0 

149 

143 

30 

124 

114 

60 

113 

90 

90 

96 

92 

lao 

92 

77 

150 

73 

56 

Dog.  In  order  to  raise  the  concentration  of  sugar  in  the  blood,  a  dog  (9.5  kgm.) 
was  injected  subcutaneously  with  30  cc.  1-10,000  adrenalin  chloride  and  40 minutes 
later  75  cc.  of  blood  were  withdrawn  from  the  carotid  artery  and  defibrinated  in  a 
sterile  flask.  The  blood  was  divided  into  2  portions,  A  and  B,  to  the  former  of 
which  2  cc.  of  insulin  were  added  and  to  the  latter,  2  cc.  of  boiled  insulin.  The 
bloods  were  incubated  at  38°C.  and  the  following  amounts  of  glucose  were  found 
at  the  intervals  indicated : 


GLUCOSE 

(per  100  cc.  blood) 

TIME 

A 

B 

minutes 

ni'jm. 

mgrn. 

0 

180 

178 

30 

135 

135 

60 

114 

113 

90 

101 

106 

120 

96 

94 

150 

86 

80 

180 

69 

69 

210 

63 

65 

There  is  no  significant  difference  in  the  rate  of  gl3^colysis  up  to  90 
minutes  at  least.  After  this  time  the  sugar  disappeared  somewhat 
more  slowly  from  A  (insulin  blood)  than  from  B. 
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There  is  very  close  correspondence  between  the  rate  of  glycolysis  in 
the  two  bloods,  and  the  only  fact  that  would  make  us  hesitate  in  finally 
concluding  from  this  experiment  that  insulin  has  no  effect  on  glycolysis 
is  that  the  control  is  not  satisfactory,  since  it  contained  boiled  insulin, 
and  we  have  found,  since  performing  this  experiment,  that  insulin  can 
withstand  heating  to  a  much  greater  extent  than  had  been  supposed  to 
be  the  case  at  first,  when  less  pure  preparations  (i.e.,  containing  much 
protein)  were  used.  Objection  may  also  be  taken  to  the  experiment  on 
the  ground  that  epinephrin  had  been  injected  into  the  animal  prior  to 
taking  the  blood.  There  is  no  a  priori  reason  to  believe  that  this  would 
alter  the  rate  of  glycolysis,  and  the  close  correspondence  of  these  re- 
sults with  those  in  normal  dog  blood  (2)  support  this. 

The  observation  was  repeated  by  Miss  O'Brien,  using  blood  removed 
from  the  heart  of  a  dog,  and  adding  to  the  control  (A)  in  place  of  insuKn 
an  equal  quantity  of  Ringer's  solution  of  the  same  pH  as  the  insulin. 
The  following  are  the  results: 


GLUCOSE  (PER  100  CC.  BLOOD) 

TIME 

A 

B 

minutes 

mgm. 

mgm. 

0 

200 

210 

10 

202 

200 

20 

188 

195 

30 

195 

205 

40 

202 

200 

50 

195 

198 

60 

190 

193 

70 

195 

193 

90 

183 

183 

110 

176 

176 

145 

167 

152 

Glycolysis  was  unusually  slow  until  after  70  minutes  when  it  proceeded 
at  approximate!}^  the  same  rate  in  both  specimens. 

These  observations  show  that  insulin  does  not  accelerate  glycolysis 
when  added  to  defibrinated  blood  outside  the  body. 

B.  In  this  group  glycolysis  in  blood  removed  from  an  animal  after  the 
injection  of  insulin  is  compared  with  that  in  normal  blood.  The  procedure 
followed  was  to  remove  some  blood,  then  inject  insulin  and  an  hour  later 
remove  more  blood;  the  rate  of  glycolysis  was  then  compared  in  the  two 
samples  of  blood.     Samples  of  blood  were  also  removed  at  frequent 
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intervals  from  the  animal  after  the  injection  of  insulin  so  that  tiie 
in  vivo  rate  of  glycolysis  might  be  compared  with  that  of  the  same  blooil 
in  vitro. 

Dog.  12.2  kgm.  The  pancreatic  ducts  of  this  animal  had  been  tied  some 
weeks  previously,  for  another  purpose.  At  9:50  a.m.  blood  A  was  removed  from 
the  saphenous  vein  and  defibrinated  and  placed  in  the  incubator.  Two  cubic 
centimeters  of  insulin  were  then  injected  into  the  animal,  and  at  11:00  a.m.  blood  B 
was  removed  and  placed  in  the  incubator.  The  sugar  was  estimated  in  samples 
(of  1  cc.  each)  of  blood  removed  from  the  flasks  at  regular  intervals.  Samples  of 
blood  were  also  removed  from  the  animal  at  the  same  intervals  as  from  the  flasks, 
to  show  the  rate  of  glycolysis  in  the  animal  itself,  C.  The  following  results  were 
obtained: 


TIME 

9:50 

11:00 

12:10 

1:10 

2:10 

4:10 

6:10 

[A 

jntjm. 

94 

■mgm. 

83 
74 

vi'jm. 

67 
46 
48 

mym. 

20 
43 

mum. 

28 
20 
56 

mom. 
12 
20 
69 

mgm. 

Glucose  per  100  cc. 

Jb 

C 

95 

It  is  evident  from  C  that  insulin  of  high  potency  was  used,  the  maxi- 
mum degree  of  hypoglycemia  being  reached  in  3j  hours  after  injecting 
the  insulin. 

Comparison  between  A  and  B  shows  after  one  hour  that'sugar  disap- 
peared more  rapidly  from  the  blood  within  the  body  of  the  injected 
animal  than  from  the  incubated  (normal)  blood  of  the  same  animal. 
This  is  not  to  be  wondered  at,  because  the  temperature  of  the  shed  blood 
may  have  temporarily  been  below  that  of  the  body.  A  similar  differ- 
ence is  observed  during  the  next  hour,  when  both  the  normal  blood  and 
that  removed  from  the  insulin-injected  animal  were  compared.  Sub- 
sequently, however,  the  two  bloods  (A  and  B)  contained  the 
same  amounts  of  glucose.  This  experiment  was  repeated  in  the  same 
order  on  another  dog  with  the  following  results : 


TIME 

10:50 

12:00 

1:00 

2:00 

3:00 

4:00 

5:03 

Per  cent  glucose 

A 

'B 

ic 

per  cent 

0.094 

per  cent 

0.085 
0.05? 

per  cent 

0.086 
0.073 
0.046 

per  cent 
0.032 
0.028 
0.049 

per  cent 

0.020 
0.016 
0.051 

per  cent 

Trace 
Trace 
0.058 

per  cent 

0.60 
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As  seen  from  C,  massive  doses  of  insulin  (given  in  two  doses  at  10:50 
and  11 :40)  were  also  injected  into  this  animal  but  the  rate  of  glycoh'sis 
was  practical!}^  the  same  in  A  (normal  blood)  as  in  B  (blood  removed 
after  insulin),  except  for  the  sample  removed  at  12:00  which  is  decid- 
edlj'  below  that  of  A . 

A  similar  experiment  performed  on  the  rabbit  gave  the  following 
results : 

September  11th.  Rabbit  (weight  2030  grams).  Given  4  cc.  insulin  at  12:05 
p.m.  and  bled  at  1:45  p.m.  after  stunning.  The  blood  was  run  through  sterile 
gauze  into  sterile  flasks  containing  glass  beads.  After  defibrination  0.15  cc. 
10  per  cent  dextrose  was  added  to  10  cc.  of  blood,  and  the  mi.xture  incubated 
at34''C.  (a). 

Rabbit  (weight  2300  grams).  Bled  in  a  similar  way  at  1:35,  after  stunning. 
To  20  cc.  of  the  defibrinated  blood  was  added  0.20  cc.  10  per  cent  dextrose  solu- 
tion, and  the  mixture  divided  into  two  ec}ual  parts  of  10  cc.  each.  To  the  first  of 
these  (b)  1  cc.  of  insulin  was  added;  to  the  second  (c)  1  cc.  insulin  which  had  been 
boiled  for  3  minutes;  the  flasks  were  kept  in  the  incubator  for  about  ^  hours,  and 
samples  of  the  contents  removed  for  anatysis  at  the  times  shown. 


BLCOD  OF  XORMAL  R.^BBIT 

la) 

With  unboiled  insulin 
(b) 

With  boiled  in.sulin* 
(c) 

Time 

Glufose 
per  100  cc. 

Time 

Glucose 
per  100  cc. 

Time 

Gluose 
per  100  cc. 

p.m. 

1.55 
2.25 
2.55 
3.25 
3.55 
4.25 

mgm. 

234 
230 
212 
197 
184 
183 

p.m. 
2.00 
2.30 
3.00 
3.30 
4.00 
4.30 

m/jm 

264 
257 
242 
231 
187 
180 

p.m 

2.03 
2.33 
3.03 
3.33 
4.03 
4.33 

m,?OT 

272 
221 
243 
234 
229 
205 

Percentile    glycolj-sis    in 
150  minutes 

21.8 

30.8 

24  2 

*  We  have  recently  shown  that  the  purer  preparations  of  insulin  now  obtainable 
withstand  actual  boiling  for  at  least  one  hour,  without  perceptible  change  in 
potency. 

Comparing  b  and  c,  there  was  no  difference  in  the  rate  of  glycolysis 
during  the  first  90  minutes  of  incubation,  although  it  was  slightly  quicker 
in  the  blood  containing  unboiled  insulin  during  the  next  60  minutes. 
The  blood  of  the  rabbit  previously  injected  with  insulin  (a)  underwent 
glycolysis  somewhat  more  slowly  than  either  of  the  others. 
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Although  evidence  furnished  by  these  experiments  is  conclusive  in 
showing  that  insulin  does  not  affect  the  rate  of  glycolysis  either  in  shed 
blood  or  in  blood  removed  from  the  animal  some  time  (100  minutes) 
after  injecting  insulin,  there  remains  the  possibility  that  it  might  be 
accelerated  in  blood  removed  within  a  few  minutes  of  injecting  the 
insulin.  The  above  observation  was  therefore  repeated  by  comparing 
the  rate  of  glycolysis  in  the  blood  of  a  normal  rabbit  with  that  of  blood 
removed  from  another  rabbit  in  about  15  minutes  after  injecting  a 
massive  dose  of  insulin,  and  glycolysis  was  found  to  be  decidedly  more 
rapid  in  the  latter  case.  The  experiment  could  not,  however,  be  con- 
sidered as  conclusive  because  of  a  possible  variability  in  the  rate  of 
glycoh^sis  in  normal  blood.  As  a  matter  of  fact,  it  was  found  that  this 
is  far  from  being  the  same  in  the  blood  of  different  normal  rabbits. 
The  observation  was  therefore  repeated  by  first  of  all  removing  some 
blood  (3  to  4  cc.)  from  the  ear  vein,  then  injecting  insulin  and  removing 
more  blood,  about  10  minutes  later.  Both  bloods  after  defibrination 
were  then  placed  in  a  water  bath  at  38°C.  and  samples  of  0.1  cc.  re- 
moved at  regular  intervals  for  determination  of  sugar  by  the  Hagedorn- 
Jensen  method  (8),  controls  being  made  at  the  beginning  and  end  of 
the  incubation  period  by  that  of  Shaffer  and  Hartmann.  About  4  cc. 
of  blood  were  removed  from  the  ear  vein  of  a  large  rabbit  and  defibrin- 
ated  in  a  flask  which  was  then  placed  in  a  water  bath  at  body  tempera- 
ture (A).  A  large  dose  of  insulin  was  injected  and  another  3  to  4  cc- 
of  blood  removed  in  15  minutes  and  treated  like  the  control  (B) .  Sam- 
ples of  0.1  cc.  of  blood  were  removed  from  both  flasks  at  5-minute 
intervals  and  the  sugar  measured  by  the  Hagedorn- Jensen  micro  method 
with  the  following  results: 


GLUCOSE  PER  100  CC.  BLOOD 

TIME  ATTER  START 

A  (normal) 

B  (insulin) 

minutes 

rngm. 

nKjni. 

0 

171 

156 

5 

192 

152 

13 

186 

152 

22 

166 

153 

26 

159 

29 

148 

32 

166 

40 

148 

46 

163 

148 
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Although  somewhat  irregular  the  results  show  no  difference  in  the  i-ate 
of  glycolj'sis. 

C  In  light  of  the  results  obtained  by  Cohnlieim  and  others  already 
referred  to,  several  observations  were  made  to  see  whether  insulin 
might  accelerate  the  rate  of  disappearance  of  glucose  from  sterile  mix- 
tures of  blood  or  saline  and  muscle  or  Buchner  extract  of  muscle.  This 
was  done  partly  by  adding  insulin  to  the  mixtures  of  blood  and  muscle 
prepared  from  normal  animals  and  partly  by  using  blood  and  muscle 
removed  from  animals  under  the  influence  of  insulin. 

September  13th.  Rabbit  given  5  cc.  insulin  at  9:32  a.m.  and  bled  at  11:15  a.m., 
the  defibrinated  blood  being  used  in  mixtures  a  and  b.  The  blood  of  a  normal 
rabbit  killed  at  11 :  30  was  used  for  mixtures  c  and  d.  The  phosphate  mixture  con- 
tained 25  cc.  M/5  KH0PO4  +  100  cc.  M/5  Na2HP04.  The  following  mixtures 
were  made,  the  muscle  being  removed  with  sterile  precautions. 

(a)  20  cc.  blood;  6  cc.  phosphate;  O.S  cc.  dextrose;  (10  per  cent). 

(b)  10  cc.  blood;  3  cc.  phosphate;  0.8  cc.  dextrose;  5  gms.  chopped  muscle. 

(c)  10  cc.  blood;  3  cc.  phosphate;  0.8  cc.  dextrose. 

(d)  10  cc.  blood;  3cc.  phosphate;  0.8  cc.  dextrose;  5  gms.  chopped  muscle. 
These  mixtures  were  incubated  for  about  4  hours,  and  at  periods  samples  were 

removed  for  determination  of  sugar. 

.1  nalysps 


GLUCOSE  PKR  100  CO. 

TIME 

Injected  rabbit 

Normal  rabbit 

(a) 

(b) 

(c) 

(d> 

r/ijrra. 

mgm. 

mjrii. 

viiim . 

11:45  a.m. 

211 

192 

216 

227 

12:15  p.m. 

200 

183 

205 

200 

1:15  p.m. 

200 

186 

190 

173 

2:30  p.m. 

188 

187 

164 

145 

4:00  p.m. 

(185) 

(207) 

135 

125 

Percentile  glycolysis  in 

165  minutes 

10.9 

12.6 

24 

36 

Comparison  of  a  and  b  shows  that  the  presence  of  muscle  does  not 
significantly  influence  the  rate  of  glycolysis  in  the  blood  of  insulin- 
injected  animals  although,  as  comparison  of  c  and  d  shows,  it  appears 
to  do  so  slightly  in  the  blood  of  normal  raljbits.  The  rate  of  glycolysis 
in  the  blood  and  in  the  mixture  of  blood  and  muscle  of  the  insulin- 
injected  animal  (a  and  b)  was  considerably  less  than  that  in  the  normal 
animal  (c  and  d). 
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September  15th.  Normal  rabbit  used.  The  pipettes  were  boiled  instead  of 
being  placed  in  the  autoclave.  Muscle  juice  was  obtained  by  the  Buchner  press 
at  300  atmospheres  (mixed  with  sand  and  infusorial  earth). 

(a)  10  cc.  defibrinated  blood,  2  drops  10  per  cent  dextrose;  3  cc.  phosphate 
mixture  (referred  to  above) ;  3  to  4  cc.  muscle  juice. 

(b)  10  cc.  blood;  2  drops  dextrose;  3  cc.  phosphate;  3  to  4  cc.  muscle  juice;  1  cc. 
skate  insulin. 

(c)  2  drops  dextrose;  3  cc.  phosphate;  3  to  4  cc.  muscle  juice. 

(d)  Same  as  (c)  plus  1  cc.  skate  insuUn. 

They  were  analyzed  immediately  after  mixing  and  then  incubated. 

A  nalyses 


GLUCOSE  PER  100  CC. 

TIME 

(a) 

(b) 

(c) 

id)    . 

tngm. 

mgm. 

mom. 

mgm. 

2:20  p.m. 

264 

246 

2:50  p.m. 

158 

152 

3:20  p.m. 

136 

158 

248 

226 

3:50  p.m. 

123 

126 

4:20  p.m. 

140 

133 

259 

255 

4:50  p.m. 

135 

152 

5:20  p.m. 

100 

143 

251 

241 

5:50  p.m. 

116 

136 

6:20  p.m. 

82 

124 

235 

Percentile  glycolysis  in 

180  minutes 

26.5 

10.5 

Although  the  results  are  less  regular  than  usual,  glycolysis  is  seen 
to  be  decidedly  retarded  by  the  presence  of  insulin  and  there  is  no 
evidence  of  glycolysis  having  occurred  in  the  muscle  juice  alone,  either 
with  or  without  insulin. 

The  following  experiment  was  done  to  see  if  muscle  juice  would 
accelerate  blood  glycolysis  when  both  it  and  the  blooa  were  removed 
from  an  insulin-injected  animal. 


September  19th.  9:53  a.m.  Rabbit  given  4  cc.  insulin  (two  rabbit  doses). 
Killed,  bled,  etc.,  at  11:23  a.m.,  as  before.  The  muscle  which  was  obtained  under 
sterile  precautions  was  ground  with  sterile  sand  and  infusorial  earth,  wrapped  in 
sterile  sail  cloth,  and  pressed  in  a  Buchner  press  at  300  atmospheres. 

(a)  10  cc.  defibrinated  blood;  5  cc.  of  phosphate  mixture;  5  cc.  normal  saline; 
3  drops  10  per  cent  dextrose. 

(b)  10  cc.  defibrinated  blood;  5  cc.  muscle  juice;  5  cc.  phosphate;  3  drops  10  per 
cent  dextrose. 
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(c)  5  cc.  muscle  juice;  5  cc.  phosphate;  10  cc.  normal  saline;  3  drops  10  per  cent 
dextrose. 

The  mixtures  were  immediately  analyzed  and  then  inculcated  at  38°C. 

A.nalyses 


GLUCOSE  PER  100  CC. 

TIME 

(a) 

(b; 

(c) 

mym. 

tnjm . 

mgm. 

12:15  p.m. 

118 

209 

173 

1:45  p.m. 

96 

212 

165 

2:45  p.m. 

(103) 

217 

168 

4:45  p.m. 

87 

218 

189 

5:45  p.m. 

89 

196 

192 

7:20  p.m. 

67 

185 

177 

8:20  p.m. 

56 

156 

156 

9:20  p.m. 

56 

156 

130 

10:20  p.m. 

34 

62 

? 

Glycolysis  was  decidedly  more  rapid  in  blood  alone  (a)  than  in  blood 
plus  muscle  juice  (b)  or  in  muscle  juice  alone  (c).  Up  to  5  hours  after 
the  start  of  incubation  there  was  practically  no  glycolysis  either  in  blood 
plus  muscle  juice  or  in  muscle  juice  alone,  and  after  this  time  the 
glycolysis  which  did  occur  in  these  fluids  may  have  been  due  to  bac- 
teria. The  unexpected  results  of  this  experiment  led  us  to  repeat 
Cohnheim's  observations  according  to  his  directions  with  the  results 
described  in  the  next  experiment. 

September  25th.  Rabbit  1  was  given  4  cc.  insulin  at  10:30  a.m.  and  killed  at 
12  noon.  The  blood  sugar  in  the  defibrinated  blood  was  63  mgm.  per  100  cc. 
Normal  rabbit  2  was  killed  at  10:45  a.m.,  the  blood  obtained  and  defibrinated, 
and  muscle  juice  prepared  by  Buchner's  process.  These  were  kept  in  the  ice- 
chest  until  ready.  The  pancreas  of  this  rabbit  (2)  was  thrown  into  boiling  water, 
evaporated  almost  to  dryness;  alcohol  was  added,  filtered  off,  evaporated  to  dry- 
ness and  taken  up  in  distilled  water  (Cohnheim).  The  following  mixtures  were 
made: 

(a)  10  cc.  blood  from  rabbit  2;  4  cc.  muscle  juice;  4  cc.  usual  phosphate  mix- 
ture; 2  drops  10  per  cent  dextrose  solution. 

(b)  10  cc.  blood  from  rabbit  2;  4  cc.  muscle  juice;  4  cc.  phosphate  2  cc.  insulin; 
2  drops  10  per  cent  dextrose  solution. 

(c)  10  cc.  from  rabbit  2;  4  cc.  muscle  juice;  4  cc.  phosphate;  2  drops  10  per  cent 
dextrose  solution ;  pancreas  preparation  described  above. 

(d)  10  cc.  blood  from  rabbit  1;2  cc.  muscle  juice; 2  cc.  phosphate; 2  drops  10  per 
cent  dextrose  solution. 

(e)  10  cc.  saline;  2cc.  muscle  juice;  2  cc.  phosphate;  2  drops  10  per  cent  dextrose 
solution. 
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Analyses 


GLUCOSE  PER  100 

cc. 

TIME 

(a) 

(b) 

(c) 

(d) 

(ej 

mum. 

mgm. 

mijin. 

7ngm. 

m/jm. 

12:35  p.m. 

180 

185 

173 

129 

85 

1:35  p.m. 

140 

182 

157 

111 

82 

2:35  p.m. 

160 

182 

157 

113 

75 

3:35  p.m. 

137 

167 

135 

99 

91 

4:35  p.m. 

137 

162 

137 

77 

80 

5:35  p.m. 

119 

155 

119 

62 

83 

Percentile  glycolysis  after 

3  hours 

23.8 

9.1 

22.0 

25.2 

The  rate  of  glycolysis  was  the  same  in  blood  plus  muscle  juice  (a) 
and  blood  plus  muscle  juice  plus  Cohnheim's  extract  (c).  It  was, 
however,  decidedly  slower  when  insulin  was  added  (b).  During  the 
first  3  hours  of  incubation  glycolysis  was  practically  the  same  in  mix- 
tures of  blood  and  muscle  juice  (a)  as  in  the  blood  of  the  insulin-injected 
animal  and  muscle  juice  (d).  It  should  be  observed  however  that  90 
minutes  elapsed  between  the  injection  of  insulin  and  the  removal  of 
blood. 

This  experiment  was  repeated  with  similar  results,  that  is,  insulin 
decidedly  retarded  the  glj^colysis  occurring  in  mixtures  of  blood  and 
muscle  juice,  whereas  Cohnheim's  extract  had  no  influence. 

October  2nd. 

(a)  10  cc.  blood;  4cc.  phosphate  mixture;  4  cc.  muscle  juice;  1  cc.  saline;  2  drops 
10  per  cent  dextrose  solution. 

(b)  10  cc.  blood;  4  cc.  muscle  juice;  4  cc.  phosphate;  1  cc.  insulin;  2  drops  10 
per  cent  dextrose  solution. 

(c)  10  cc.  blood;  4  cc.  muscle  juice;  4  cc.  phosphate  mixture;  1  cc.  pancreas 
preparation  described  above;  2  drops  10  per  cent  dextrose  solution. 

Analyses 


GLUCOSE  PER  100  CC. 

TIME 

No  insulin 
(a) 

Insulin 

(b) 

Pancreas  preparation 
(c) 

mgm. 

mgm. 

mgm. 

12:30  p.m. 

192 

160 

192 

1:30  p.m. 

163 

158 

176 

2:30  p.m. 

156 

164 

158 

3:30  p.m. 

137 

146 

138 

4:30  p.m. 

131 

140 

134 

5:30  p.m. 

115 

137 

123 

Percentile  glycolysis  after 

4  hours 

31 

12.5 

30 
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The  following  experiment  shows  that  insulin  does  not  influence  the 
rate  of  glycolysis  in  Buchner  extract  of  muscle  plus  phosphate  mixture. 

October  9th.     This  experiment  was  a  repetition  of  the  preceding  one. 

(a)  5  cc.  muscle  juice  (Buchner  process);  2.5  cc.  phosphate;  2  drops  10  per 
cent  dextrose  solution. 

(b)  5  cc.  muscle  juice;  2.5  cc.  phosphate;  2  drops  10  per  cent  dextrose  solu- 
tion; 2  cc.  insulin. 


GLUCOSE  PEB  100  CC. 

(A) 
No  insulin 

(B) 
Insulin 

mgm. 

mgm. 

10  a.m. 

269 

257 

11  a.m. 

277 

225 

12  m. 

267 

242 

1  p.m. 

250 

254 

3  p.m. 

235 

261 

The  most  constant  result  obtained  in  these  observations  is  that 
insulin  actually  retards  the  rate  of  glycolysis  both  in  blood  and  in  mix- 
tures of  blood  and  muscle.  It  has,  therefore,  exactly  the  opposite 
influence  from  that  which  was  being  looked  for.  This  result  may  be 
due  to  the  fact  that  the  solutions  of  insulin  are  sometimes  decidedly 
acid  in  reaction  (pH  below  4)  although  with  the  relatively  small  amounts 
of  this  fluid  added  and  the  presence  in  many  experiments  of  buffer 
substances,  this  does  not  seem  likely  to  be  the  explanation  for  the  re- 
sult. The  skate  insulin  used  in  the  experiment  of  September  15th,  for 
example,  was  nearly  neutral.     We  are  at  a  loss  to  explain  the  result. 

D.  In  view  of  Levene  and  Meyer's  (7)  experiments  showingthat 
sterile  pus  incubated  outside  the  body  in  the  presence  of  phosphates  is 
capable  of  causing  glucose  to  disappear,  partly  by  conversion  into  lac- 
tic acid,  experiments  were  undertaken  to  see  whether  insulin  might 
accelerate  this  process. 

January  17th.  Pus  resulting  from  the  injection  of  turpentine,  several  days 
previously  into  the  pleural  cavity  of  a  dog,  was  removed  with  aseptic  precautions 
and  mi.xed  in  two  sterile  flasks  as  follows : 

(a)  25  cc.  pus;  15  cc.  M/5  phosphate  of  pH  7.3  to  7.4;  5  cc.  2  per  cent  glucose; 
1  cc.  insulin;  4  cc.  Ringer's  solution. 

(b)  25  cc.  pus;  15  cc.  phosphate;  5  cc.  2  per  cent  glucose;  5  cc.  Ringer's.  A  third 
unsterile  flask  was  prepared  containing  15  cc.  pus;  9  cc.  phosphate;  3  cc. 
glucose;  3  cc.  Ringer's.  The  glycogen  was  estimated  in  this,  and  found  to  be 
0.005  per  cent.     The  pus  was  removed  at  11 :30  a.m. 
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GLUCOSE  PER  100  CC. 

TIME 

(A^ 

(B) 

mgm. 

mgm. 

11.40 

175 

170 

12.10 

170 

151 

12.40 

170 

137 

1.40 

137 

138 

2.40 

137 

117 

3.40 

127 

112 

4.40 

117 

102 

5.40 

82 

80 

9.40 

20 

28 

10.40 

24 

18 

87.4  per  cent 

86.8  per  cent 

After  hj'drolysis  with  HCl  for  10  minutes 


45 

24 

Glycogen 

0.003  per  cent 

0.001  per  cent 

It  is  clear  that  insulin  has  no  effect  on  the  I'ate  at  which  sugar  disap- 
pears from  the  sterile  pus. 

The  above  experiment  differs  in  detail  from  those  of  Levene  and 
Meyer  in  that  the  pus  cells  were  not  washed  with  isotonic  saline  and 
the  period  of  incubation  lasted  only  11,  instead  of  36  hours.  Taking 
the  average  of  the  amount  of  sugar  left  after  10  and  11  hours,  the  per- 
centile glycolysis  was  87.4  with  insulin,  and  86.8  without,  indicating 
quite  clearly  that  insulin  had  no  significant  influence  on  the  process. 
For  the  first  4  hours  glycolysis  proceeded  in  the  insulin  preparation 
somewhat  more  slowly  than  in  the  control  flask.  This  agrees  with  the 
results  obtained  with  blood  and  is  difficult  to  explain.  It  will  be  ob- 
served that  glycolysis  was  decidedly  more  rapid  in  our  preparations 
than  in  those  used  l^y  Levene  and  Meyer,  but  a  part  of  this  greater 
speed,  viz.,  that  occurring  beyond  the  fom-th  hour,  may  have  been  due 
to  bacterial  growth,  even  though  sterile  precautions  were  taken.  At 
this  period,  however,  over  30  per  cent  of  the  original  sugar  had  disap- 
peared, whereas  in  Levene  and  Meyer's  experiment  only  about  10  per 
cent  disappeared  in  36  hours.  These  discrepancies  are  probably 
dependent  upon  the  differences  in  the  concentration  of  glucose  in  the 
mixtures,  this  being  much  greater  in  Levene  and  Meyer's  experiments 
than  in  ours.  The  disappearance  of  sugar  in  mixtures  containing  leuco- 
cytes, instead  of  being  due  to  destruction  of  glucose,  as  was  actually 
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demonstrated  to  occur  by  Levene  and  Meyer,  might  also  depend  on  a 
polymerization  of  glucose  into  glycogen  within  the  leucocytes.  To 
ascertain  whether  this  occurs,  the  glycogen  was  determined  by  Pfliiger's 
method,  before  and  after  the  incubation.  Minute  traces  only  were 
found,  and  if  anything,  there  was  less  after  the  10  hours'  incubation. 

Experiments  were  also  undertaken  to  see  if  insulin  could  influence 
the  rate  at  which  glucose  is  fermented  by  yeast.  For  this  purpose 
baker's  yeast  (Fleischmann's)  was  ground  up  with  a  1  per  cent  solution 
of  glucose,  and  equal  quantities  of  the  resulting  suspension  placed  in  a 
series  of  fermentation  tubes.  Two  of  these  served  as  controls  and  to 
the  others  were  added  varying  quantities  of  insulin.  After  standing  at 
room  temperature  for  varying  periods  no  difference  could  be  detected 
in  the  rate  of  gas  formation  in  the  various  tubes. 

Discussion.  Although  glycolysis  was  not  exactly  uniform  in  the 
various  observations  herein  recorded — probably  because  the  flasks  were 
not  constantly  agitated  during  incubation — there  can  be  little  doubt 
that  insulin  does  not  affect  it,  at  least  in  the  defibrinated  blood  of  the 
rabbit  or  dog.  The  rapidly  developing  hypoglycemia  which  occurs  in 
these  animals  following  the  injection  of  insulin  would  therefore  appear 
to  be  due  to  an  extravascular  or  intracellular  process.  In  other  words, 
when  insulin  is  injected  into  an  animal  it  must  pass  from  the  blood 
through  the  capillaries  into  the  tissue  cells  and  cause  therein  a  rapid 
disappearance  of  glucose — a  vacuum  for  this  substance,  as  it  were,  with 
the  result  that  glucose  also  is  removed  from  the  blood  at  a  rate  which 
is  greater  than  can  be  made  good  by  a  new  production  of  glucose  from 
the  glycogen  reserves.  The  possible  nature  of  the  process  by  which 
the  cells  cause  the  glucose  to  disappear  will  be  discussed  in  future  papers. 

Winter  and  Smith^  have  announced  that  they  have  found  that  the 
insulin  acts  by  activating  a  ferment,  derived  partly  from  the  liver, 
which  then  accelerates  the  conversion  of  a  j8  glucose  into  7  glucose 
which  is  apparently  much  more  reactive. 

If  7  glucose  were  formed  in  any  considerable  quantity  in  the  blood, 
following  insulin  injections,  it  seems  reasonable  to  expect  that  there 
would  be  some  difference  in  the  rate  of  glycolysis  in  blood  removed  after 
injecting  insulin  and  in  the  normal  blood  of  the  same  animal.  This  is 
not  the  case.  It  may  of  course  be  that  the  activation  of  glucose  does  not 
take  place  in  the  blood  itself  but  only  in  the  tissue  cells  and  some  support 

1  Hewitt  (9)  has  recently  given  very  strong  reasons  for  questioning  the 
reliability  of  the  methods  used  by  Winter  and  Smith. 
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is  lent  to  this  view  by  the  fact  that  insuHn  markedly  increases  the  rate 
of  sugar  consumption  by  the  excised  heart  perfused  with  Ringer's 
solution. 

Our  inability  to  demonstrate  that  insulin  affects  the  rate  of  glycolysis 
in  mixtures  of  blood,  or  saline,  and  chopped  muscle  or  muscle  juice, 
shows  that  the  more  rapid  disappearance  of  glucose  in  the  tissues  as 
a  result  of  insulin  injection  is  dependent  upon  the  integrity  of  the  cell. 
Restated,  then,  the  problem  to  be  solved  is  whether  insulin  acts  in  the 
blood — possibly  in  conjunction  with  some  circulating  co-enzyme — to 
form,  an  active  (7?)  form  of  glucose  or  a  compound  of  glucose  which 
then  passes  into  the  tissue  cells  (including  those  of  the  liver)  or  whether 
it  passes  into  the  tissue  cells  before  it  causes  these  changes. 

CONCLUSIONS 

1.  The  addition  of  insulin  to  the  defibrinated  blood  of  the  rabbit  and 
dog  does  not  affect  the  rate  of  glycolysis  in  vitro. 

2.  This  is  also  the  same  in  normal  blood  as  in  blood  removed  from 
these  animals  after  injecting  insulin,  both  when  the  blood  is  removed 
within  a  few  minutes  after  injecting  the  insulin  and  when  it  is  removed 
after  the  hypoglycemia  has  become  pronounced. 

3.  Addition  of  insulin  to  mixtures  containing  blood  or  saline  and 
Buchner  extract  of  muscle  does  not  alter  the  rate  of  glycolysis. 

4.  Glycolysis  is  also  the  same  in  similar  mixtures  made  from  normal 
animals  as  in  those  made  from  animals  recently  injected  with  insulin. 

5.  Insulin  does  not  influence  the  rate  of  glycolysis  in  a  suspension 
of  leucocytes. 
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The  "conditioned  reflex,"  first  emploj^ed  as  an  experimental  method 
on  dogs  in  Pavlow's  laboratorj^,  has  been  found  useful  in  investigating 
the  functions  of  the  higher  centers  of  the  nervous  system.  It  has  been 
found  applicable  not  only  to  dogs  and  other  mammals  including  man, 
but  to  birds  and  even  invertebrates  such  as  snails,  etc.  One  use  to 
which  it  has  been  put  is  the  location  of  association  centers,  e.g.,  that 
for  the  discrimination  of  sounds  of  different  pitch,  or  of  tracts  e.g.,  that 
for  the  posture  sense.  The  animal  is  taught  to  perform  some  act  at  a 
given  stimulus  which  would  not  normally  be  related  to  that  act,  for 
example,  the  taking  of  food  at  a  given  sound  and  rejecting  it  at  another. 
When  the  association  is  perfectly  formed,  a  known  region  of  the  nervous 
system  is  injured  or  destroj'-ed,  and  if  the  conditioned  reflex  persists, 
it  is  concluded  that  the  pathway  for  the  stimulus  and  its  center  have 
not  been  interfered  with.  In  this  manner  May  and  Larsen  (1)  found 
that  the  fibers  mediating  the  posture  sense  impulses  of  the  dog  decus- 
sate in  part  within  the  cord,  and  that  some  of  them  travel  back  and 
forth  across  the  cord  at  different  levels. 

It  was  suggested  to  us  by  Dr.  J.  J.  R.  Macleod  that  this  method 
might  be  employed  to  investigate  in  the  dog  the  course  of  the  fibers 
conveying  sensory  impulses  from  the  skin,  a  study  which  from  its 
subjective  character  is  difficult  to  carry  on  in  the  lower  animals.  In 
man  it  is  generally  considered  that  pain  tracts  cross  to  the  other  side 
of  the  cord  almost  immediately  upon  entering  it,  but  that  tactile  and 
pressure  impulses  may  ascend  in  the  dorsal  funiculus  for  varying  dis- 
tances and  then  cross  over  in  the  cord  gradually,  continuing  their 
course  in  the  antero-lateral  spino-thalmic  tracts. 

Method.  The  method  followed  in  our  experiments  was  that  described 
by  Watson  (2) .  Dogs  only  were  used  as  subjects.  Since  the  presence  of 
the  exp)erimenter  affects  the  establishment  of  the  conditioned  reflex  by 
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bringing  variable  sets  of  conditions  into-  play,  the  dog  was  tied  loosely 
into  a  wooden  frame  in  a  comfortable  position  and  placed  in  a  room 
by  itself.  The  experimenter  could  observe  the  animal  through  a  small 
window  without  being  seen  or  heard  by  it;  electric  connections  were 
arranged  so  that  by  throwing  in  various  switches  the  experimenter 
could  cause  a  bell  or  a  buzzer  to  sound,  he  could  stimulate  the  foot  of 
the  dog  either  simultaneously  with  the  sounding  of  the  buzzer,  or 
separately,  by  means  of  an  electric  shock  from  an  inductorium,  and 
also  start  and  stop  a  kymograph  for  making  records.  Attached  to 
the  dog's  foot  was  a  spring  connected  with  a  lever  which  recorded  the 
least  movement  of  the  foot.  About  the  dog's  chest  was  a  pneumograph 
to  record  respiratory  movements.  Signal  magnets  were  connected 
with  bell,  buzzer  and  inductorium,  and  the  time  was  indicated  in  seconds 
for  a  slow  record,  and  in  hundredths  of  a  second  for  fast  records. 

In  the  first  set  of  experiments  a  conditioned  reflex  to  pain  was  es- 
tablished. The  dogs  were  trained  to  lift  the  left  hind  leg  at  the  sound 
of  the  buzzer  by  sending  in  an  electric  shock  simultaneously  with  the 
sounding  of  the  buzzer.  The  two  stimuli  were  presented  together 
five  times  in  succession  at  intervals  of  ten  seconds.  The  dog  was  then 
tested  to  see  if  there  was  response  to  the  buzzer  alone.  Lessons  were 
given  twice  daily  and  lasted  20  to  30  minutes.  Training  was  con- 
sidered adequate  and  the  conditioned  reflex  established  when  the 
dog  lifted  its  leg  to  the  buzzer  alone  at  the  beginning  of  a  lesson.  It 
was  found  that  when  this  occurred  the  dog  would  continue  to  respond 
to  the  sound  of  the  buzzer  for  ten  or  twelve  times  without  need  for 
reinforcement  by  means  of  the  painful  stimulus.  After  the  conditioned 
reflex  was  thoroughly  established  the  cord  was  hemisected  on  the  right 
side  at  the  level  of  the  first  lumbar  vertebra.  This  should  interfere 
with  the  sensory  paths  on  the  left  side,  but  leave  intact  on  this,  the 
trained  side,  the  motor  fibers  coming  from  the  cortex  of  the  brain 
by  way  of  the  crossed  pyramidal  tracts.  When  the  dog  recovered 
from  the  shock  of  operating,  trials  were  made  to  see  if  the  conditioned 
reflex  persisted.  The  cords  were  preserved  for  histological  examina- 
tion. The  operations  were  performed  by  Dr.  N.  B.  Taylor  and  the 
histological  preparations  made  by  Dr.  E.  Home  Craigie. 

Eight  dogs  were  trained  successfully,  but  one  proved  to  be  so  easily 
disturbed  that  it  could  not  be  depended  upon  to  give  the  reflex,  hence 
it  was  not  operated  upon.  Two  died  too  soon  after  the  operation  to 
be  tested.  Our  results  are  therefore  based  on  the  records  of  five 
dogs,  two  of  which  were  submitted  to  a  second  hemisection  of  the  cord. 
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Results.  At  the  first  lesson  the  stimulation  of  the  foot  by  a  faradic 
shock,  though  not  at  all  severe,  caused  general  motor  activity  and  a 
marked  irregularity  in  breathing  (fig.  1),  Later  on  in  the  course  of 
training  the  activity  l^ecame  confined  to  the  foot  stimulated,  and  the 
breathing  only  momentarily  disturbed.  The  conditioned  reflex  ap- 
peared in  from  3  to  6  lessons,  three  of  the  dogs  giving  it  during  the 
third  lesson.  The  reflex  was  carried  over  to  the  next  day  after  6  to  11 
lessons  (fig.  2). 
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Fig.  1  Fig.  2  Fig.  3 

Fig.  1.  First  record  showing  repeated  movements  of  leg  and  changes  in  respira- 
tion after  a  single  painful  stimulus. 

Fig.  2.  Same  dog  after  training.     Refie.x  shown  without  painful  stimulus. 
Fig.  3.  Conditioned  reflex  to  pain  not  given  after  operation  though  change  in 
respiration  is  marked. 

Two  of  the  dogs  (nos.  2  and  5)  were  completely  paralyzed  in  both 
hind  legs  for  over  a  week  after  the  operation,  voluntary  movements 
being  quite  absent.  The  conditioned  reflex  had  disappeared,  though 
in  one  dog  change  in  respiration  occurred  at  the  sound  of  the  buzzer, 
indicating  that  there  was  still  association  of  the  sound  of  the  buzzer 
and  the  painful  stimulus.  At  the  end  of  a  week  a  feeble  flexion  reflex 
could  be  obtained  by  stimulation  of  either  the  right  or  left  foot,  show- 
ing that  the  pathway  for  a  reflex  involving  only  the  spinal  segments 
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below  the  lesion  was  still  intact.  An  attempt  to  reestablish  the  condi- 
tioned reflex  when  the  dogs  were  able  to  use  their  left  hind  legs  in 
walking  proved  unsuccessful,  nor  was  it  possible  to  establish  a  con- 
ditioned reflex  to  pain  in  the  right  hind  leg  which  remained  paralyzed. 
A  section  of  the  cord  taken  just  above  the  level  of  the  lesion  showed  that 
hemisection  had  been  complete  in  these  two  dogs.  In  one  the  degenera- 
tion was  confined  to  the  right  side  strictly,  in  the  other  there  was  slight 
degeneration  near  the  midline  in  the  left  dorsal  column. 

The  latent  periods  for  response  were  measured  in  dog  6  just  before 
being  operated  upon.  Whenever  the  conditioned  reflex  had  to  be 
reinforced  by  the  painful  stimulus  the  latent  period  was  fairly  constant, 
and  averaged  170(t.  But  for  the  conditioned  reflex  alone  the  times 
were  much  more  variable  ranging  from  less  than  zero  to  275(t.  Since 
the  signals  were  thrown  in  at  intervals  of  10  seconds  merely  by  watching 
the  second  hand  of  a  watch,  there  must  have  been  variations  of  the 
intervals  by  considerable  fractions  of  a  second.  When  the  dog  was 
responding  well  with  the  conditioned  reflex,  i.e.,  giving  10  to  12  re- 
sponses without  need  for  reinforcement,  it  would  often  anticipate  the 
sound  of  the  buzzer  by  a  fraction  of  a  second.  On  an  average,  there- 
fore, the  conditioned  reflex  had  a  smaller  latent  period  than  the  true 
reflex  to  a  painful  stimulus. 

This  dog  was  able  to  use  its  left  hind  leg  5  days  after  the  operation, 
the  right  being  complctelj^  paralyzed.  A  slight  flexion  reflex  could  be 
obtained  from  the  left  by  use  of  a  very  strong  shock  from  the  induc- 
torium,  and  had  a  latent  period  of  I8O0-.  The  conditioned  reflex  was 
absent  though  the  respirations  showed  change  at  the  sound  of  the 
buzzer  (fig.  3).  Three  weeks  after  the  operation  a  heated  rod  applied 
to  the  left  hind  foot  caused  no  flexion  reflex  nor  was  there  any  change 
in  respiration.  Pain  was  evidently  absent  from  this  foot.  The  same 
treatment  applied  to  the  right  leg,  which  was  still  completely  para- 
lyzed, caused  a  vigorous  flexion  reflex,  a  yelp,  and  rapid  breathing. 
Training  of  the  left  leg  was  begun  again  and  after  11  lessons  the  con- 
ditioned reflex  was  reestablished. 

The  latent  periods  for  the  flexion  reflex  to  faradic  stimulation  in  dog 
7  was  ISOo",  quite  similar  to  dog  5,  and  again  the  response  to  the  con- 
ditioned reflex  was  quicker,  20cr.  In  several  cases  this  dog  also  an- 
ticipated the  sound  of  the  buzzer  by  a  fraction  of  a  second.  Dog  7 
was  able  to  be  tested  the  second  day  after  the  operation.  The  right 
hind  leg  was  completely  paralyzed,  but  the  left  could  bear  the  weight 
of  the  body.     There  was  no  movement  of  the  leg  to  the  sound  of  the 
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buzzer  after  operation,  l)iit  change  in  respiration  was  marked.  Cnly 
a  feeble  flexion  reflex  could  be  obtained  in  the  left  hind  leg  by  strong 
stimulation,  but  the  dog  was  quite  al)le  to  move  this  leg  voluntarily. 
Retraining  was  effective  in  8  lessons,  though  to  estabhsh  the  reflex 
so  that  5  responses  in  succession  were  given  took  20  lessons,  three  times 
the  original  time  for  learning.  The  dog  was  then  taught  to  respond 
with  the  right  leg,  and  learned  in  the  verj'  first  lesson.     Lessons  were 


"BuHTLCr     (T^tn) 


Dog*  9      T^AiAcd. 


Fig.  4.  Dog  re.sponds  equally  well  to  buzzer  and  bell  without  application  of 
pain  or  pressure  stimuli. 

discontinued  with  the  right  leg,  but  continued  with  the  left  leg.  The 
latent  period  decreased  in  a  month  from  330o-  to  70o-  for  the  flexion 
reflex  with  stimulation  of  the  foot.  The  reestabhshed  conditioned 
reflex  began  with  a  latent  period  of  580(r  and  at  the  end  of  the  month 
was  never  less  than  29oa,  the  average  being  365(t. 

This  dog  was  also  taught  to  give  a  conditioned  reflex  to  pressure 
with  the  left  hind  leg.  The  stimulus  was  applied  by  means  of  a  slight 
pull  on  a  cord  attached  to  the  dog's  leg,  and  at  the  same  time  a  bell 
was  sounded.     At  the  beginning  of  this  part  of  the  training  the  dog 
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responded  to  the  sound  of  the  buzzer,  but  the  bell  had  no  effcet  what- 
soever. The  conditioned  reflex  to  pressure  was  thoroughly  established 
by  the  13th  lesson  and  the  dog  responded  equally  well  to  bell  and 
buzzer.  The  dog  was  again  operated  upon,  and  the  cord  hemisected 
on  the  right  side  at  the  level  of  the  8th  thoracic  vertebra.  Recovery 
after  this  operation  was  not  very  rapid.  There  appeared  to  be  slight 
movement  to  the  sound  of  the  bell,  but  the  result  was  not  perfectly 


T3tLx.7.er 
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Fig.  5  Fig.  6 

Fig.  5.  No  response  to  substituted  pain  stimulus  after  operation.     A  shorter 
breath  and  slight  irregularity  shown. 

Fig.  6.  Response  to  substituted  pressure  stimulus  after  operation. 

conclusive.  There  was  no  indication  of  movement  to  the  sound  of 
the  buzzer.  The  right  leg  was  paralyzed  though  able  to  respond  with 
the  flexion  reflex  to  pricking  and  the  application  of  a  heated  rod.  The 
left  leg  could  be  moved  voluntarily  though  it  did  not  respond  to  prick- 
ing or  burning. 

Dog  9  was  also  trained  to  lift  the  left  hind  leg  at  the  sound  of  both 
bell  and  buzzer.     The  bell  was  used  as  the  substituted  stimulus  for 
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pressure  and  the  buzzer  for  pain.  The  training  with  the  pressure 
stimulus  was  begun  first,  since  it  was  found  that  it  took  a  longer  time 
to  estabhsh  this  reflex  in  the  other  dog  than  the  conditioned  reflex  to 
pain.  The  reflex  first  appeared  at  the  third  lesson  and  was  carried 
over  at  the  sixth.  When  this  reflex  was  thoroughly  estabhshed  the 
buzzer  was  tried  and  found  to  have  no  effect.  The  dog  was,  therefore, 
able  to  distinguish  between  buzzer  and  bell.  At  first  the  reflex  to  the 
bell  only  was  carried  over  from  one  lesson  to  the  next;  in  other  words, 
the  process  of  establish- 
ing one  reflex  was  quite 
distinct  from  the  other. 
By  the  eleventh  lesson 
the  dog  responded  equally 
well  to  bell  and  buzzer 
(fig.  4).  The  response 
to  the  pressure  stimulus 
was  greatly  delayed,  the 
latent  period  being  1  to  2 
seconds,  for  the  painful 
stimulus  it  was  360(7,  and 
for  the  conditioned  reflex 
quite  variable,  though 
considerably  less  on  an 
average  than  for  the 
straight  flexion  reflex. 
This  dog  was  able  to  be 
submitted  to  the  test  on  ^ig-  "•  Response  to  substituted  pressure  stimulus 
the     day    following    the  *^*^^  second  operation.     Note  that  the  change  in 

^,  breathing  is  hardly  more  than  in  figure  5. 

operation.      1  here  was  a 

decided  response  to  the  bell,  but  not  to  the  buzzer  (figs.  5,  6).  Tests 
were  continued  with  the  conditioned  reflex  to  pressure  for  3  weeks.  At 
the  end  of  this  time  the  wound  was  quite  healed.  The  cord  was  again 
hemisected  on  the  right  side  six  vertebrae  nearer  the  head.  The  dog 
responded  to  the  bell  on  the  following  day  (fig.  7). 

Discussion.  In  these  experiments  it  was  found  that  hemisection 
of  the  cord  at  different  levels  abolished  the  conditioned  reflex  to  pain 
but  not  that  to  pressure.  In  agreement  with  the  usual  findings  after 
hemisection  of  the  cord  there  was  absence  of  pain  and  temperature 
sense  on  the  side  opposite  the  lesion,  but  the  voluntary  motor  control 
on  this  side  was  still  present.    This  is  quite  different  from  the  results 
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of  Maj^  and  Larsen  who  state  that  loss  of  pain  sense  and  also  complete 
motor  paralysis  occurred  on  the  same  side  as  the  lesion  after  hemisection 
of  the  cord,  and  moreover  their  dogs  gave  prompt  and  decided  responses 
with  the  completely  paralyzed  leg  to  posture  tests  in  which  the  dogs 
has  been  taught  to  extend  the  leg  rigidly  backwards. 

In  attempting  to  explain  our  results  on  the  usual  assumption  that 
association  takes  place  in  the  cerebral  cortex,  it  is  difficult  to  see  why 
the  tract  for  pain  in  the  cord  should  have  to  be  intact  in  order  for  the 
conditioned  reflex  to  be  given,  since  response  occurs  apparently  with- 
out an  impulse  travelling  over  this  tract,  or  at  least  without  stimula- 
tion to  set  up  an  impulse  in  this  nerve.  The  general  conception  of 
a  conditioned  reflex  is  that  one  stimulus  is  substituted  for  another, 
central  connections  being  made  so  that  the  motor  pathway  is  the 
same  for  both  reflexes.  If  a  response  is  given  to  the  substituted  stimu- 
lus, one  would  think  that  interference  with  the  pathway  in  the  cord 
for  the  original  stimulus  could  make  no  difference  whatever,  for  it  is 
evident  that  the  entire  pathway  from  the  point  of  reception  of  the 
substituted  stimulus  over  the  connecting  fibers  in  the  brain  to  the 
motor  nerves  must  be  functioning  properly,  since  the  leg  moves  at  the 
given  sound. 

Another  difficulty  presents  itself  when  one  attempts  to  explain  how 
the  dog  is  able  to  be  retrained  to  give  the  conditioned  reflex  to  the  same 
stimulus  after  it  had  once  been  aboHshed  by  cutting  the  cord,  and 
when  the  sense  of  pain  is  gone  in  that  leg.  It  may  be  that  in  this 
case  the  pain  fibers  which  were  still  able  to  act  on  the  ventral  horn 
cells  of  the  same  segment — shown  by  the  fact  that  the  flexion  reflex 
could  be  given — established  connection  with  the  cortex  through  inter- 
mediary cells  on  the  other  side  of  the  cord.  An  indication  that  the 
pathwa}^  concerned  in  this  reflex  was  more  devious  than  before  cutting 
the  cord  is  given  by  the  increase  in  the  latent  period  for  this  reestab- 
lished conditioned  reflex.  This  again  presents  the  difficulty  noted  above. 
There  is  no  apparent  reason  whj^  the  pathway  for  the  conditioned 
reflex,  if  it  involves  only  the  course  of  the  nervous  impulse  from  the 
reception  of  the  substituted  stimulus  through  the  cerebral  cortex  to 
the  motor  nerves,  should  be  so  evidently  different  before  and  after  the 
first  operation,  and  then  should  again  be  abohshed  by  cutting  the  cord 
higher  up.  It  appears  that  the  whole  mechanism  must  be  complete 
for  the  conditioned  reflex  to  take  place,  i.e.,  the  pathways  for  both  sets 
of  stimuli  must  be  intact.  This  would  be  the  case  for  the  conditioned 
reflex  to  pressure  after  both  low  and  high  hemisection  of  the  cord  if 
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the  fibers  did  not  cross  until  the  cervical  region,  whereas  if  the  pain 
fibers  cross  at  once  section  of  the  cord  at  any  level  above  the  segment 
at  which  they  enter  would  abolish  the  reflex. 

SUMMARY   OF   RESULTS 

1.  A  conditioned  reflex  to  pain  involving  the  left  hind  leg  in  dogs  was 
abolished  by  hemisecting  the  cord  at  the  level  of  the  first  Imnbar  verte- 
bra on  the  side  opposite  to  the  trained  leg. 

2.  The  reflex  could  be  reestablished  after  a  comparatively  long  period 
of  training,  although  the  sensation  of  pain  was  apparently  absent.  The 
latent  period  of  the  reestablished  reflex  was  much  longer  than  that  of  the 
original  conditioned  reflex. 

3.  The  reestablished  conditioned  reflex  was  abolished  by  a  second 
hemisection  of  the  cord  on  the  opposite  side  several  segments  nearer 
the  brain. 

4.  A  conditioned  reflex  to  pressure  involving  the  same  motor  mech- 
anism as  that  to  one  for  pain  was  retained  after  both  low  and  high 
hemisection  of  the  cord  on  the  opposite  side. 
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PIISTOLOGICAL  STUDY  OF  MUSCLE  DEGENERATION  PRODUCED  BY 
LOCAL  INJECTIONS  OF  INSULIN* 


By  D.  J.  Bowie,  B.Sc,   (Med.)  and  W.  L.  Robinson,  M.B. 


TN  the  experimental  and  clinical  use  of  insulin  as  a  diabetogenic  reagent 
-*-  we  were  struck  with  the  local  reactions  produced  in  rabbits  and  human 
beings  about  the  site  of  the  inoculation.  In  the  rabbit  more  particularly 
one  very  often  found  a  marked  local  subcutaneous  edema  somewhat  mucig- 
enous  in  character  and  extending  for  a  considerable  distance  beyond  the 
site  of  the  inoculation. 

Histological  preparations  of  this  edematous  tissue  were  made  and 
stained  with  Mallory's  eosin  and  methylene  blue,  phosphotungstic  acid 
hematoxylin,  Van  Gieson  and  Mallory's  aniline  blue  stains.  These  we  stud- 
ied very  carefully,  but  were  unable  to  find  any  change  in  the  connective  tissue 
cells  nor  any  abnormal  deposits  between  them  of  a  degenerative  character. 

The  cells  were  widely  separated  by  an  unstainable  fluid  material.  Cer- 
tain sections,  however,  which  included  portions  of  the  neighboring  muscles 
showed  degenerative  changes  going  on  in  some  of  the  superficial  muscle 
fibres.  To  determine  the  nature  of  this  degeneration  intramuscular  injections 
of  insulin  were  made  into  a  series  of  rabbits.  These  were  killed  at  various 
periods  of  time  after  the  injection  and  the  nature  of  the  degeneration  as 
well  as  the  sequence  of  events  studied. 

Exp.  1. — Rabl>it.  (1-25-23A)  Xornuil.  1  c.c.  of  .sterile  insulin  injected  into  the  left 
sacro-spinalis  muscle  after  shaving  and  mopping  the  skin  with  alcohol.  Ten  minutes  later 
the  muscle  tissue  removed  and  fixed  in  Zenker 's  fluid.  Study  of  these  sections  revealed  no 
evidence  of  muscle  degeneration.  The  stroma  was  slightly  edematous,  no  evidence  of 
cellular  reaction. 

Exp.  2. — Rabbit.  (1-25-23B)  Normal,  as  in  experiment  No.  1  injected  with  1  c.c. 
of  insulin  into  the  left  sacro-spinalis  muscle.  One  half  hour  later  muscle  removed.  No 
evidence  of  oedema  in  the  gross.  Sections  fixed  and  stained  as  before  and  show  some 
evidence  of  a  beginning  degeneration  of  the  muscle  fibres,  which,  is  characterized  by  an 
apparent  autolysis  of  portions  of  the  cytoplasm  leaving  a  fiiie  granular  debris.  Between 
these  areas  are  irregular  fragments  of  slightly  deeper  staining  cytoplasm.  The  longitudinal 
and  transverse  striations  of  these  latter  fragments  of  cytoplasm  are  gone.  There  is  no 
evidence  of  an  inflammatory  reaction.     The  sarcolemma  is  intact. 

Exp.  ,3. — Rabbit.  (1-25-23C)  Normal,  as  in  experiment  No.  1  injected  with  1  c.c. 
of  insulin  into  the  left  sacro-spinalis  muscle.  One  hour  later  muscle  removed.  Sections 
fixed  and  stained  as  before  show  fairly  marked  degenerative  change  in  groups  of  the 
muscle  fibres  similar  to  that  found  in  experiment  No.  2.  The  sarcolemma  is  intact.  There 
is  no  evidence  of  inflammatory  reaction. 

Exp.  4. — Rabbit,  (1-4-23B)  Normal,  injected  as  in  experiment  No.  1  with  1  c.c. 
of  insulin  into  the  left  sacro-spinalis  muscle.      Four   hours  later   muscle   removed  and  fixed 
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in  Zenker's  fluid.  There  was  a  slight  amount  of  oedema  apparent  in  the  gross.  Sections 
stained  as  before  show  a  pronounced  degenerative  change  in  some  of  the  muscle  fibres 
characterized  by  a  wrinkling  of  the  cytoplasm  within  the  sarcolemma  into  coarse  twisted 
cords  and  showing  a  loss  of  longitudinal   and  transverse   striations. 

Exp.  5. — Rabbit.  (12-5-22C)  Normal,  well  fed  for  three  days  previous  to  inocula- 
tion including  glucose  in  its  food.  An  injection  of  1  c.c.  of  sterile  insulin  made  sub- 
cutaneously  into  the  right  hind  leg.  Eight  hours  later  examined.  No  edema  but  slight 
amount  of  hemorrhage.  Neighboring  muscle  tissue  fixed  and  stained  as  before  show  in 
one  or  two  areas  some  of  the  superficial  muscle  fibres  degenerated  similarly  to  experiment 
No.  4.  There  is  a  marked  infiltration  of  the  stroma  with  polymorphonuclear  leucocytes. 
Some  of  the  muscle  fibres  are  infiltrated  with  those  same  cells.      The  sarcolemma  is  intact. 


Fig.  1. 


-Microscopical  section  of  muscle  near  site  of  injection  of  insulin  showing  characteristic 
changes  especially  in  Experiments  4  and  6. 


Exp.  6. — Rabbit.  (0-26-22)  Normal,  injected  subcutancously  into  the  back  with 
4  c.c.  of  insulin.  Five  hours  later  given  another  injection  of  4  c.c.  subcutancously  into 
the  back.  Animal  died  twelve  hours  later.  Marked  subcutaneous  edema  over  the  back. 
Superficial  muscles  of  this  area  fixed  and  stained  as  before  show  a  moderate  diffuse 
lymphocytic  infiltration  of  the  external  sheath  of  the  muscle.  About  one  third  of  the 
muscle  fibres  show  degeneration  as  described  in  experiment  No.  4  but  more  extensive.  Crosa 
section  of  degenerated  fibres  show  some  wrinklings  of  cytoplasm  into  irregular  coils  with  no 
directional  tendency.  The  muscle  fibres  are  affected  in  a  very  irregular  manner.  Sometimes 
two  or  three  fibres  together  are  degenerated,  in  other  areas  just  isolated  fibres  show  this 
change.     Usually  just  a  portion  of  any  one  fiber  appears  degenerated. 


In  order  to  determine  whether  this  degeneration  is  characteristic  of 
insulin  or  some  toxin  in  its  preparation  a  series  of  rabbits  were  injected  intra- 
muscularly with  saline,  glucose  and  adrenalin  solutions  as  well  as  insulin. 
These  were  checked  one  against  the  other  in  the  same  rabbit  by  carefully 
shaving  and  mopping  the-  skin  with  alcohol  and  injecting  one  solution  into 
the  sacrospinalis  muscle  and  one  of  the  other  solutions  in  the  same  muscle 
on  the  opposite  side.  Eight  hours  was  allowed  in  each  case,  as  this  gave 
plenty  of  time  for  the  degeneration  to  reach  its  maximum.  The  pieces  of 
muscle  tissue  removed  from  the  site  of  inoculation  were  fixed  in  10  per  cent 
formalin,  embedded  in  paraffin  and  stained  with  hematoxylin  and  eosin. 

Exp.  7. — Babbit  (2-28-23A)  Normal  (A)  1  c.c.  sterile  isotonic  glucose  injected 
into  left  sacro-spinalis  muscle.  Microscopic  section  shows  slight  amount  of  muscle  degen- 
eration immediately  about  the  needle  puncture,  probably  traumatic.  The  muscle  degener- 
ation is  apparently  the  same  as  described  in  experiment  No.  4. 

(B)  One  c.c.  sterile  hypertonic  glucose  injected  into  right  sacro-spinalis  muscle. 
Degeneration  the  same  but  much  more  extensive. 

Exp.  8.— Babbit.  (2-28-23B)  Normal.  (A)  One  c.c.  sterile  h^-pertonic  glucose  solu- 
tion injected  into  left  sacro-spinalis  muscle.  Muscle  degeneration  is  very  extensive  and 
marked,  similar  to  (B)  in  experiment  No.  7. 

(B)  One  c.c.  sterile  insulin  injected  into  right  sacro-spinalis  muscle.  Muscle  degen- 
eration similar  to,  but  more  extensive  than  that  of  the  opposite  side. 

Exp.  9.— Babbit.  (2-28-230)  Normal  (A).  One  c.c.  sterile  insulin  injected  into  left 
sacro-spinalis  muscle  marked  and  extensive  muscle  degeneration  similar  to   (B^)   Exp.  8. 

(B)  One  c.c.  of  1-10,000  sterile  adrenalin  solution  injected  into  right  sacro-spinalis 
muscle.  Very  slight  amount  of  muscle  degeneration  but  similar  to  that  described  in 
experiment  No.  4. 

Exp.  10.- — Babbit.  (2-28-23)  Normal.  (A)  One  c.c.  sterile  isotonic  saline  injected  into 
left  sacro-spinalis  muscle.  Small  localized  area  of  muscle  degeneration  about  puncture 
wound,  probably  traumatic. 

(B)  One  c.c.  sterile  hypertonic  saline  solution  injected  into  the  right  sacro-spinalis 
muscle.     Moderate  amount  of  muscle  degeneration  similar  to  above  experiments. 

Exp.  11. — Babbit.  (3-7-23A)  Normal.  (A)  One  c.c.  sterile  3  per  cent  hypertonic 
saline  solution  injected  into  left  sacro-spinalis  muscle.  Slight  amount  of  muscle  degen- 
eration confined  pretty  well  to  needle  puncture  wound.     Partly  or  wholly  traumatic. 

(B)  One  c.c.  of  a  6  per  cent  hypertonic  sterile  saline  solution  injected  into  the 
right  sacro-spinalis  muscle.  Muscle  degeneration  a  little  more  extensive  than  that  found 
on  the  opposite  side. 

Exp.  12— Babbit.  (3-7-23B)  Normal.  (A)  One  c.c.  sterile  1-1,000  adrenalin  solu- 
tion injected  into  left  sacro-spinalis  muscle.  Muscle  degeneration  is  very  extensive  and 
with  edema  of  the  stroma. 

(B)  One  c.c.  of  a  1-10,000  sterile  solution  of  adrenalin  injected  into  the  right 
sacro-spinalis  muscle.  Muscle  degeneration  a  little  more  marked  and  extensive  than  the 
opposite  side. 

It  was  expected  when  this  work  was  undertaken  that  insulin  would 
be  found  to  have  a  marked  local  effect  on  subcutaneous  tissue  and  in  muscle 
because  of  the  edematous  condition  so  often  observed  in  animals  treated  with 
insulin  and  sugar.^  As  the  foregoing  observations  show  it  was  indeed  found 
that  intra-muscular  injections  called  forth  near  the  site  of  injection  a  very 
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marked  degeneration  of  the  muscular  fibres  with  leucocytie  invasion.  This 
same  type  of  lesion,  however,  was  found  to  be  caused  by  other  agencies  such, 
for  example,  as  hypertonic  glucose  solution.  Isotonic  saline,  on  the  other 
hand,  as  a  rule  produced  only  slight  localized  areas  of  degeneration  although 
hypertonic  solutions  had  an  effect  like  that  of  insulin. 

The  accounts  of  the  lesions  indicated  by  these  studies  following  intra- 
muscular injections  explain  probably  the  considerable  pain  and  discomfort 
that  is  not  uncommonly  complained  of  and  it  may  be  pointed  out  that  if  the 
lesions  can  be  produced  by  hypertonic  saline  it  is  altogether  likely  that  they 
might  become  quite  extensive  when  various  therapeutic  agents  are  employed. 
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INSULIN:    ITS    ACTION,    ITS    THERAPEU- 
TIC   VALUE    IN     DIABETES,    AND 
ITS     MANUFACTURE  * 


BY      THE      INSULIN      COMMITTEE.      UNIVERSITY 
OF    TORONTO 


Carbohydrates,  such  as  the  starches,  taken  in  the 
food,  are  converted  into  simple  sugars,  such  as  glucose. 
The  glucose  or  other  sugar  is  absorbed  by  the  intestine 
and  carried  to  the  liver,  where  much  of  it  is  stored  as 
glycogen.  The  remainder  is  carried  to  the  muscles  and 
other  tissues,  where  some  of  it  is  oxidized  and  some 
stored  as  glycogen.  Prior  to  these  changes,  glucose 
in  some  way  becomes  altered  in  chemical  structure  so 
as  to  change  it  from  an  inactive  into  an  active  form. 
In  diabetes  mellitus  it  is  probable  that  the  sugar 
absorbed  from  the  intestine  is  no  longer  properly 
changed  into  the  active  form  so  that  it  cannot  be  stored 
in  the  liver  as  glycogen,  or  oxidized  in  the  tissues,  but 
circulates  in  increased  quantities  in  the  blood  (hyper- 
glycemia) and  is  excreted  in  the  urine  (glycosuria). 
It  therefore  becomes  lost  to  the  body  as  a  source  of 
energy.  As  a  result,  the  store  of  glycogen  is  rapidly 
exhausted,  and  protein  is  attacked  as  a  source  for 
glucose.  Further,  as  carbohydrate  is  necessary  for 
the  normal  metabolism  of  fat  in  the  body,  incomplete 
combustion  of  fat  occurs  in  diabetes  mellitus,  resulting 
in  diabetic  acidosis  and  coma.  Diabetes  mellitus  must, 
therefore,  be  considered  as  a  disease  of  metabolism  in 
which  carbohydrate  is  not  efficiently  utilized  by  the 
body,  thereby  causing  a  derangement  of  the  normal 
metabolism  of  proteins  and  fats  as  well  as  carbohy- 
drates. This  derangement  of  metabolism  is  recognized 
by  voracious  appetite,  hyperglycemia  -(increase  in  the 
percentage  of  sugar  in  the  blood),  and  glycosuria 
(sugar  in  the  urine). 

•  Certain    portions   of  this  article   are  appearing   in   a    medical   bulletin 
of  the   University  of  Toronto. 


DISCOVERY     OF     INSULIN 

As  a  result  of  the  experiments  of  von  Mering  and 
Minkowski,  in  which  they  showed  that  extirpation  of 
the  pancreas  in  dogs  was  followed  by  persistent  glyco- 
suria and  other  symptoms  of  diabetes,  the  important 
relation  between  this  gland  and  diabetes  was  estab- 
lished. The  pancreas  consists  of  two  types  of  tissue — 
the  acinous  portion  secreting  the  pancreatic  juice  (the 
external  secretion)  which  reaches  the  intestine  through 
the  pancreatic  duct,  and  groups  of  cells  scattered 
throughout  the  gland  known  as  the  islands  of  Langer- 
hans.  These  cells  possess  a  rich  supply  of  blood 
vessels.  As  the  islands  of  Langerhans  show  pathologic 
changes  of  varying  degree  up  to  complete  destruction 
in  the  majority  of  patients  dying  of  diabetes  mellitus, 
Opie  and  others  have  considered  that  the  insular  por- 
tion of  the  pancreas  is  the  one  related  to  diabetes 
mellitus.  They  believed  that  it  probably  furnishes  an 
internal  secretion  necessary  to  normal  carbohydrate 
metabolism.  Several  investigators  attempted  to  prepare 
extracts  of  pancreas  containing  this  internal  secretion 
but  with  uncertain  results,  probably  because  the  active 
substance  was  destroyed  by  the  powerful  digestive 
ferments  also  present  in  such  extracts.  It  remained 
for  Banting,  working  in  collaboration  with  Best  in  the 
Department  of  Physiology,  under  the  direction  of  Pro- 
fessor Macleod,  to  demonstrate  that  such  an  internal 
secretion  really  exists,  and  thereby  to  determine  the 
exact  relationship  of  the  pancreas  to  the  disease  diabetes 
mellitus. 

It  had  been  shown  previously  that,  if  the  duct  of  the 
pancreas  was  ligated,  degeneration  occurred  much  more 
rapidly  in  the  acinous  portion  than  in  the  islands  of 
Langerhans.  Banting  conceived  the  idea  that,  if  an 
extract  was  prepared  from  the  pancreatic  tissue  remain- 
ing some  time  after  ligation  of  the  ducts,  it  should 
contain  the  supposed  internal  secretion  of  the  islands 
of  Langerhans  because  there  would  not  be  enough  of 
the  digestive  ferments  to  destroy  it.  In  1921,  Banting 
and  Best  prepared  an  extract  of  the  degenerated  pan- 
creas and  injected  it  into  diabetic  dogs.  Following  the 
injection,  a  definite  lowering  of  the  blood  sugar,  and  a 
decrease  in  the  amount  of  sugar  excreted  in  the  urine, 
were  found  to  occur.  They  also  showed  that,  if  sufifi- 
cient  extract  was  injected  at  proper  intervals,  completely 


depancreatized  dogs  could  be  kept  alive  and  free  of 
symptoms  for  a  long  period  of  time.  These  experi- 
ments support  the  view  that  the  islands  of  Langerhans 
in  the  pancreas  contain  a  substance  which  lowers  the 
blood  sugar  and  diminishes  or  abolishes  the  excretion 
of  sugar  in  the  urine  of  diabetic  dogs.  Later,  by 
extracting  the  fetal  or  adult  normal  pancreas  with  alco- 
hol, they  prepared  an  extract  which  contained  the  anti- 
diabetic substance  or  hormone,  the  alcohol  evidently 
preventing  the  destruction  of  the  active  principle  by 
the  digestive  ferments.  This  extract  was  injected 
subcutaneously  into  a  boy  suffering  from  severe  dia- 
betes mellitus.  A  definite  lowering  of  the  blood  sugar 
and  of  the  amount  of  sugar  excreted  in  the  urine 
resulted.  The  extract  contained  other  substances  which 
caused  considerable  local  irritation,  making  repeated 
injection  impossible.  With  the  assistance  of  J.  B. 
Collip,  an  extract  was  prepared  in  a  purer  form, 
suitable  for  repeated  injection  in  man.  The  active 
principle  of  these  extracts  has  been  called  insulin,  a 
name  previously  suggested  by  Sir  E.  Sharpey  Shafer. 

PHYSIOLOGIC     ACTION     OF     INSULIN 

At  this  stage,  intensive  investigation  was  conducted 
in  the  physiologic  laboratory  of  the  university  to  deter- 
mine the  effects  of  insulin  on  normal  and  diabetic  ani- 
mals. By  excellent  team  work,  in  which  the  previously 
mentioned  investigators  and  E.  C.  Noble,  John  Hepburn, 
J.  K.  Latchford  and  others  participated,  it  was  possible 
in  a  comparatively  short  time  to  show,  among  other 
things,   that : 

1.  Insulin  lowers  the  blood  sugar  in  normal  rabbits; 
characteristic  symptoms  supervene  when  a  certain  low 
level  is  reached,  and  these  symptoms  are  specifically 
antidoted  by  glucose. 

2.  It  may  prevent  the  hyperglycemia  due  to  piqure, 
asphyxia,  epinephrin  and  ether. 

3.  It  increases  the  sugar  consumption  by  the  isolated 
mammalian  heart. 

4.  It  causes  glycogen  to  be  deposited  in  the  liver  of 
diabetic  animals  fed  with  sugar. 

5.  It  raises  the  respiratory  quotient  of  diabetic  ani- 
mals fed  with  sugar. 


6.  It  affects  the  migration  of  fat  in  diabetic  animals. 

7 .  It  causes  the  acetone  bodies  to  disappear  from  the 
urine  of  diabetic  animals. 

THE     DOSAGE     OF     INSULIN 

A  physiologic  unit  of  insulin  was  originally  defined 
as  that  amount  which  lowers  the  percentage  of  sugar 
in  the  blood  of  a  normal  rabbit,  weighing  2  kg.  and 
starved  for  twenty-four  hours,  to  0.045  per  cent,  within 
three  hours.  Because  this  amount  of  insulin  is  said 
to  be  greater  than  that  required  in  the  treatment  of 
certain  cases  of  diabetes  in  man,  it  has  been  found 
advisable  to  designate  as  one  clinical  unit  one  third  of 
the  foregoing  physiologic  unit.  This  clinical  unit  has 
been  adopted  on  the  labels  of  all  preparations  of  insulin 
manufactured  for  use  on  man.  In  carrying  out  the 
actual  assays  on  rabbits,  considerable  variations  are 
found  in  the  extent  to  which  different  animals  react  to 
equal  doses  of  insulin.  It  is  necessary,  therefore,  to 
use  many  animals  for  the  assay  of  each  sample  of 
insulin,  and  to  take  the  average  of  the  highest  results 
obtained.  Much  work  is  being  done,  using  various 
other  animals  than  the  rabbit  (mouse,  diabetic  dog)  in 
an  endeavor  to  improve  the  method  of  assay.  In  large 
diabetic  clinics,  a  valuable  assay  can  be  obtained  by 
determining  how  many  extra  grams  of  carbohydrate 
can  be  metabolized  per  unit  of  insulin.  For  this  pur- 
pose, "pedigree"  patients  must  be  used ;  i.  e.,  patients 
that  have  been  under  observation  for  a  long  time,  and  in 
whom  the  carbohydrate  balance  is  precisely  known. 

THE     THERAPEUTIC     ACTION     OF     INSULIN     AND     ITS 
VALUE     IN     THE     TREATMENT     OF     DIABETES 

As  a  method  for  the  preparation  of  insulin  in  suitable 
form  had  been  found,  it  became  possible  to  test  its  value 
in  the  treatment  of  diabetes  mellitus.  This  has  been 
done  partly  in  the  medical  clinic  of  the  University  of 
Toronto,  under  the  direction  of  Dr.  Duncan  Graham, 
and  partly  in  various  clinics  in  the  United  States  and 
Canada.  Further  investigation  on  the  administration  of 
insulin  in  diabetic  dogs,  and  in  severe  cases  of  diabetes 
mellitus,  have  shown  that  the  injection  of  insulin 
restores  to  the  body  the  lost  ability  to  oxidize  carbohy- 
drates, and  that  glycogen  is  again  stored  in  the  liver. 
This  it  evidently  does  by  converting  glucose  into  the 


active  form  ;  and  if  insulin  is  given  in  sufficient  quantity 
and  at  proper  intervals,  the  blood  sugar  is  maintained  at 
a  normal  level  and  the  urine, remains  free  of  sugar.  Fat 
is  also  completely  burned.  As  a  result  of  this,  acetone 
bodies  disappear  from  the  urine,  and  diabetic  acidosis 
and  coma  are  prevented.  In  brief,  the  artificial  admin- 
istration of  insulin  restores  to  the  body  a  normal 
metabolism  of  carbohydrates,  fats  and  proteins. 

Although  the  administration  of  insulin  is  capable  of 
relieving  the  cardinal  symptoms  and  signs  of  diabetes 
mellitus,  one  must  not  conclude  that  insulin  can  replace 
the  dietetic  treatment  of  the  disease.  In  diabetes  there 
is  a  decreased  production  of  insuHn,  owing  to  the 
weakened  function  of  the  islands  of  Langerhans.  As 
all  patients  with  diabetes  mellitus  are  capable  of  metabo- 
lizing a  certain  amount  of  carbohydrate,  the  degree  of 
damage  to  the  islands  and  their  capacity  to  produce 
insuhn  may  be  ascertained  by  estimating  the  tolerance 
of  the  patient  for  carbohydrate.  The  etiologic  factor 
or  factors  causing  this  damage  to  the  pancreas  have  not 
been  discovered.  It  is  known,  however,  that  diets  con- 
taining excessive  quantities  of  carbohydrates,  or  pro- 
teins, fats  and  carbohydrates  in  improper  proportions 
or  quantities,  as  well  as  infections,  further  weaken  the 
function  of  the  already  damaged  pancreas.  The  object 
of  treatment  should  be  to  give  rest  to  the  damaged 
islands,  and  conserve  their  power  to  produce  insulin. 
Before  the  introduction  of  insulin,  this  was  accom- 
plished best  by  the  dietetic  treatment  as  outlined  by 
Allen,  Joslin  and  others.  By  marked  restriction  in  diet, 
combined  with  periods  of  fasting,  Allen  demonstrated 
that,  even  in  severe  cases  of  diabetes,  the  urine  could 
be  kept  free  of  sugar,  and  the  blood  sugar  maintained 
at  a  normal  level  for  long  periods  of  time.  Later, 
many  patients  remained  aglycosuric  without  the  neces- 
sity of  fasting.  This  method  of  treatment  gave  a 
maximum  of  rest  to  the  damaged  pancreas,  and  allowed 
it  to  maintain,  or  even  increase,  its  power  to  produce 
insulin.  The  lives  of  patients  suffering  from  severe 
diabetes  were  definitely  prolonged,  whereas  in  mild 
cases  sufficient  tolerance  for  carbohydrates  was 
regained  to  allow  the  patients  to  take  a  more  liberal 
diet  and  yet  remain  free  of  symptoms.  Unfortunately, 
the   extreme    undernutrition    resulting    from   the   pro- 
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longed  use  of  the  restricted  diet  with  fasting  caused  a 
marked  loss  of  weight  and  strength,  and  made  the  con- 
tinuation of  the  treatment  difficult. 

The  introduction  of  insulin  in  the  therapy  of  diabetes 
makes  it  possible  to  begin  the  treatment  of  even  severe 
cases  with  a  palatable  diet  of  protein,  fat  and  carbo- 
hydrate in  adequate  quantities  to  meet  the  requirement 
of  the  body  at  rest  in  bed,  or  with  moderate  exercise, 
and  at  the  same  time  afford  adequate  rest  to  the  dam- 
aged islands  of  Langerhans.  After  the  glycosuria  and 
ketonuria  have  disappeared,  and  the  blood  sugar  level 
has  returned  to  normal,  the  diet  may  be  gradually 
raised  until  the  patient  is  receiving  sufficient  food  to 
maintain  the  body  weight  slightly  below  normal,  and 
sufficient  calories  are  being  supplied  for  the  body  to 
perform  the  ordinary  duties  of  life.  In  some  cases  the 
pancreas  has  so  regained  its  power  to  produce  insulin 
that  the  daily  dosage  need  not  be  increased ;  in  others, 
in  which  the  damage  to  the  pancreas  is  more  permanent, 
sufficient  additional  insulin  must  be  given  to  keep  the 
urine  of  the  patient  free  of  sugar  on  the  increased  diet. 

Overdosage  of  insulin  is  followed  by  the  develop- 
ment of  serious  signs  and  symptoms  demanding  imme- 
diate treatment.  The  patient  complains  of  a  sense  of 
weakness  and  fatigue,  associated  with  sweating,  a  feel- 
ing of  tremulousness,  and  sometimes  pallor  and  flush- 
ing. In  the  more  severe  forms  there  is  acute  distress, 
with  mental  disturbances  and  even  unconsciousness. 
These  reactions  are  due  to  a  fall  in  the  blood  sugar 
below  the  normal  level  of  0.1  per  cent.  When  the 
blood  sugar  falls  to  0.07  per  cent.,  symptoms  develop, 
and  if  it  falls  to  0.035  per  cent,  the  patient  becomes 
unconscious.  The  symptoms,  though  alarming  both  to 
the  patient  and  to  those  in  attendance,  are  completely 
relieved  if  glucose  is  given  immediately. 

INDICATIONS     FOR     THE     USE     OF     INSULIN 

The  indiscriminate  use  of  insulin  in  the  treatment  of 
diabetes  mellitus  is  a  real  source  of  danger.  At  the 
beginning  of  treatment,  all  patients  with  diabetes  melli- 
tus, except  those  suffering  from  severe  acidosis  and 
coma,  should  be  put  to  bed  and  given  a  basal  main- 
tenance diet.  This  diet  contains  protein  sufficient  to 
replace  the  daily  wear  and  tear  of  the  tissues  of  the 
body,  approximately  0.3  gm.  per  pound  of  body  weight. 
Additional  calories  in  the  food  are  supplied  by  carbo- 


hydrate  and  fat  in  proper  proportion  to  prevent  the 
production  of  acetone  bodies,  and  in  adequate  amount 
for  the  height,  weight  and  sex  of  the  patient.  If  the 
urine  of  the  patient  becomes  free  of  sugar  on  this  diet, 
it  should  be  gradually  raised  until  he  is  receiving  an 
adequate  diet  for  the  performance  of  the  ordinary 
duties  of  life.  Should  the  patient  remain  aglycosuric 
on  this  diet,  insulin  treatment  is  not  indicated.  Approx- 
imately 75  per  cent,  of  diabetics  may  be  controlled  by 
dietetic  treatment. 

If,  at  the  end  of  a  week's  treatment  on  a  basal  diet, 
the  urine  is  not  free  of  sugar,  the  patient  requires 
insulin.  The  amount  of  insulin  to  be  injected  daily  is 
dependent  on  the  total  amount  of  glucose  found  in  the 
urine  at  the  end  of  the  preliminary  period  of  observa- 
tion. It  is  given  in  divided  doses,  injected  subcu- 
taneously,  usually  before  breakfast  and  supper  or,  in 
more  severe  cases,  before  each  meal.  Under  com- 
bined dietetic  and  insulin  treatment  the  patient  rapidly 
improves.  As  the  body  is  supplied  with  an  adequate 
amount  of  insulin,  carbohydrates  are  properly  metabo- 
lized, sugar  and  acetone  bodies  disappear  from  the 
urine,  and  the  blood  sugar  returns  to  a  normal  level. 
The  patient  enjoys  his  food,  and  feels  stronger,  and  the 
mental  depression  so  characteristic  of  patients  with 
severe  diabetes  is  replaced  by  cheerfulness.  Some 
patients  have  been  able  to  resume  their  former  occu- 
pations after  a  months'  treatment.^ 

Probably  the  most  brilliant  results  obtained  with 
insulin  have  been  in  the  treatment  of  diabetic  acidosis 
and  coma.  In  these  cases  insulin  must  be  given  imme- 
diately. In  all  cases  of  acidosis  and  threatened  coma 
there  is  a  favorable  reaction  to  combined  dietetic  and 
insulin  treatment.  In  uncomplicated  cases  of  advanced 
coma  the  majority  of  patients — four  out  of  six — have 
recovered  after  being  given  repeated  intravenous  injec- 
tions of  insulin  combined  with  an  adequate  amount  of 
glucose  to  prevent  the  blood  sugar  from  falling  to  a 
dangerous  level.  In  all  the  other  fatal  cases  of  coma 
in  which  treatment  was  given,  there  was  an  associated 
infection  sufficiently  severe  to  cause  death  apart  from 
the  diabetic  condition. 


1.  Further  details  of  clinical  experiences  with  insulin  will  be  found 
in  the  articles  by  Banting,  Campbell  and  Fletcher,  and  by  Allen,  Joslin, 
Fitz,  Geyelin,  Wilder,  Williams  and  others  in  the  Journal  of  Metabolic 
Research.   May,    1923. 
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The  susceptibility  of  the  diabetic  patient  to  infection 
has  long  been  recognized.  The  effect  of  a  developing 
infection  or  a  surgical  operation  on  the  future  course 
of  a  case  of  diabetes  was  feared  by  the  physician. 
These,  combined  with  acidosis  and  coma,  constituted 
danger  points  in  the  life  of  the  diabetic  patient.  If 
infection  develops,  or  an  operation  becomes  necessary 
in  a  case  of  diabetes  adequately  controlled  by  diet, 
sufficient  insulin  should  be  given  to  keep  the  urine  free 
of  sugar  and  acetone  until  the  patient  recovers.  In 
more  severe  cases  of  diabetes  already  under  insulin 
treatment,  the  daily  dose  must  be  increased.  Under 
combined  dietetic  and  insulin  treatment,  diabetic 
patients  have  recovered  from  mild  infections  in  a  nor- 
mal period  of  time ;  teeth  have  been  extracted,  tonsils 
removed,  and  amputations  performed  with  safety. 

Diabetes  mellitus  can  be  successfully  treated  in  the 
less  severe  form  by  the  giving  of  a  properly  balanced 
diet ;  in  the  more  severe,  by  proper  diet  and  by  an  ade- 
quate daily  dosage  of  insulin.  The  success  of  treat- 
ment is  dependent  on  the  physician  for  the  institution  of 
proper  treatment,  and  on  the  patient  for  the  continua- 
tion of  the  treatment  prescribed.  A  prescription  of  a 
properly  balanced  diet  is  of  as  much  importance  for  a 
case  of  diabetes  melltius,  or  even  of  greater  importance, 
than  is  one  of  drugs  in  the  majority  of  the  diseases  the 
physician  is  called  on  to  treat.  In  the  beginning  of 
treatment,  the  value  to  the  patient  of  a  month's  or  six 
weeks'  stay  in  an  institution  with  proper  facilities  for 
the  investigation  and  dietetic  control  of  cases  of  dia- 
betes mellitus  cannot  be  overestimated.  The  case  can 
be  more  fully  investigated  and  the  efifect  of  an  accurate 
diet  carefully  controlled.  The  patient  appreciates  more 
readily  the  value  of  proper  diet  in  the  treatment  of  his 
condition,  and  becomes  familiar  with  the  character, 
amount  and  preparation  of  the  various  foodstufifs  con- 
stituting his  diet.  In  an  institution  the  tuberculous 
patient  learns  how  to  live ;  the  diabetic,  what  to  eat. 

THE     MANUFACTURE     OF     INSULIN 

Since  the  method  for  the  manufacture  of  insulin 
from  slaughter-house  material  demands  the  greatest  of 
care  and  the  strict  observance  of  certain  principles  of 
extraction,  and  since  it  has  been  found  that  toxic 
symptoms  are  readily  caused  by  excessive  dosage,  steps 


have  been  taken  by  the  University  of  Toronto  to  insure 
the  proper  manufacture  of  insulin,  and  to  provide  for 
some  measure  of  control  over  its  distribution  among 
physicians.  The  history  of 'the  various  steps  is  briefly 
as  follows :  After  it  was  discovered  that  an  active  non- 
irritating  preparation  of  insulin  could  be  prepared  on 
a  small  scale  by  extraction  of  the  pancreas  with  weak 
alcohol  and  subsequent  purification  of  the  extract  by 
fractional  precipitation  with  stronger  alcohol,  attempts 
were  made  to  expand  the  scale  of  production  so  as  to 
yield  sufficient  material  for  clinical  use.  Great  diffi- 
culties were  encountered  in  this  work,  and  for  more 
than  two  months  scarcely  any  insulin  could  be  obtained. 
When  the  difficulties  were  at  last  overcome  and  a 
reliable  large  scale  procedure  had  been  definitely  elab- 
orated in  detail,  the  question  of  publication  of  the 
method  came  to  be  considered.  It  was  pointed  out, 
however,  that  such  publication  of  the  method  would 
probably  result  in  some  commercial  firm  modifying  the 
process  sufficiently  so  as  to  obtain  a  patent  which  would 
give  it  a  monopoly  in  manufacture,  and  that  the  only 
satisfactory  way  to  prevent  this  was  for  the  chief 
originators  of  the  method  to  apply  for  such  patents  in 
their  own  names  and  to  assign  these,  when  granted,  to 
some  noncommercial  organization  to  administer  in  such 
a  way  as  to  prevent  commercial  exploitation  of  the 
product.  Application  for  process  and  product  patents 
were,  therefore,  filed  in  Canada  and  the  United  States, 
and  the  board  of  governors  of  the  University  of  Toronto 
was  requested  to  accept  these  patents  and  to  assume 
responsibility  for  their  administration  on  the  basis, 
first,  that  the  "patent  is  not  to  be  used  for  the  purpose 
of  restricting  the  preparation  of  this  or  similar  extracts 
elsewhere,  or  by  other  persons,"  and,  second,  "that  the 
university  holds  the  patent  for  the  sole  purpose  of  pre- 
venting any  other  person  from  taking  out  a  similar 
patent,  which  might  restrict  the  preparation  of  such 
extract." 

The  Board  of  Governors  accepted  the  trust  and 
created  a  body  known  as  the  Insulin  Committee  to 
advise  the  Board  in  matters  of  administration.  The 
personnel  of  the  Insulin  Committee  is  as  follows : 
Col.  A.  E.  Gooderham,  convener ;  Sir  Robert  Falconer, 
president  of  the  university ;  Mr.  T.  A.  Russell ;  Sir 
Joseph  Flavelle,  and  an  advisory  committee  consisting 
of  :  Dr.  H.  J.  R.  Macleod,  secretary  ;  Dr.  F.  G.  Banting ; 
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Mr.  C.  H.  Best;  Dr.  R.  D.  Defries ;  Dr.  J.  G.  Fitz- 
Gerald;  Dr.  Duncan  Graham,  with  Mr.  C.  H.  Riches 
as  legal  adviser. 

One  of  the  first  questions  to  be  considered  by  the 
committee  related  to  further  expansion  in  the  manu- 
facture of  insulin.  Since,  however,  a  large  scale 
method  had  not  yet  been  sufficiently  evolved  to  insure 
a  product  of  constant  potency,  it  was  decided  before 
issuing  licenses  to  manufacturers  to  develop  the  details 
of  such  a  method.  At  the  same  time  it  was  realized 
that  adequate  facilities  for  doing  this  on  a  practical 
manufacturing  scale  could  not  be  provided  for  unless 
by  collaboration  between  the  committee  and  some  highly 
organized  firm  or  firms  engaged  in  the  manufacture  of 
animal  extracts  of  a  similar  nature.  And  since  it  was 
also  evident  that  such  collaboration  could  not  be  carried 
out  satisfactorily  with  several  firms  at  one  and  the 
same  time,  it  was  decided  after  careful  consideration  to 
invite  the  Eli  Lilly  Company  of  Indianapolis  to  send 
representatives  to  Toronto  to  confer  on  the  question. 
As  a  result  of  this  conference,  an  agreement  was  entered 
into  by  which  this  firm  was  granted  an  exclusive 
license  in  the  United  States  for  the  manufacture  of 
insulin  for  an  experimental  period  set  provisionally  at 
one  year,  under  the  conditions  that : 

1.  The  firm  utilize  all  of  its  available  facilities  and  per- 
sonnel for  the  manufacture  of  the  product  and  pay  all 
expenses  entailed  in  its  large  scale  manufacture  in  their  plant. 

2.  The  firm  submit  samples  of  its  product  to  the  University 
of  Toronto  for  approval  before  distribution  to  physicians  for 
use  on  patients. 

3.  The  approved  product  be  distributed  either  gratis  or  at 
cost  price  only  to  such  physicians  as  may  be  chosen  in  con- 
sultation with  the  University  of  Toronto. 

4.  A  certain  percentage  of  the  approved  product  be  given 
gratis  to  the  University  of  Toronto  for  use  in  its  experimental 
laboratories,  and  for  clinical  purposes  in  its  associated  hos- 
pitals. 

5.  After  the  expiration  of  the  experimental  period,  the  firm 
be  licensed  by  the  University  of  Toronto  to  manufacture  the 
product  under  the  same  favorable  terms  as  may  be  granted 
to  other  firms  operating  in  the  same  territory. 

In  consideration  of  the  acceptance  of  these  conditions, 
contained  in  an  agreement  between  the  firm  and  the 
University  of  Toronto  signed,  May  31,  1922,  all  known 
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details  of  the  method  of  manufacture  of  insuHn  were 
given  to  the  Eli  Lilly  Company,  and  work  was  imme- 
diately started  by  it  on  a  large  scale. 

Having  made  these  arrangements  for  a  gradual 
expansion  in  the  manufacture  and  clinical  use  of  insulin 
in  the  United  States,  the  Committee  now  took  up  the 
question  of  its  control  along  similar  lines  in  Great 
Britain,  and  it  was  decided  to  apply  for  patents  in  that 
country  and  to  recommend  to  the  board  of  governors 
that  these,  when  granted,  should  be  assigned  to  the 
Medical  Research  Council  of  Great  Britain  on  the  same 
general  terms  as  they  had  been  assigned  to  the  Uni- 
versity of  Toronto ;  namely,  to  administer  as  they 
deemed  best  for  the  purpose  of  preventing  commercial 
exploitation  and  uncontrolled  manufacture  in  that 
country. 

During  the  latter  part  of  1922,  intensive  work  on  the 
manufacture  of  insulin,  both  in  Indianapolis  and  in 
Toronto,  resulted  in  the  gradual  increase  of  the  output, 
so  that  it  became  possible  to  offer  insulin  for  clinical 
trial  to  a  larger  number  of  physicians,  whose  reports  on 
its  therapeutic  value  have  proved  to  be  of  great  value  in 
guiding  the  committee  and  the  manufacturers  in  ques- 
tions of  suitable  dosage,  possible  risks  from  overdosage, 
and  the  elimination  of  irritating  impurities.  This  insu- 
lin was  distributed  free  of  cost  by  the  Eli  Lilly 
Company. 

The  large  expenses  incurred  by  the  collaborating  firm 
up  to  this  stage  made  it  necessary  for  it  early  in  1923 
to  put  a  cost  price  on  its  product.  With  the  approval 
of  tlie  committee  of  the  University  of  Toronto,  the 
number  of  collaborating  physicians  was  also  increased 
so  that  there  might  be  in  each  large  center  of  the 
United  States  at  least  one  clinic  in  a  position  to  under- 
take treatment  of  emergency  cases  of  diabetes  by  the 
use  of  insulin.  Arrangements  were  also  made  through 
the  Connaught  Laboratories  to  undertake  a  similar 
expansion  of  distribution  in  Canada. 

Through  the  whole-hearted  collaboration  of  the  uni- 
versity and  the  Eli  Lilly  Company,  and  the  valuable 
assistance  of  its  scientific  adviser.  Dr.  G.  H.  A.  Clowes, 
large  scale  production  of  insulin  has  been  carried  for- 
ward- at  a  satisfactory  speed,  and  it  is  hoped  that  it  will 
be  possible  at  an  early  date  to  terminate  the  experi- 
mental period. 
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That  the  policy  as  outlined  above  has  been  justified 
is  exemplified  by  the  fact  that  several  firms  have 
exploited,  for  the  treatment  of  diabetes,  entirely  worth- 
less preparations  to  which  they  have  given  names  so 
closely  similar  to  "insulin"  as  to  convey  the  impression 
that  they  contain  the  antidiabetic  hormone.  While  no 
other  harm  may  come  of  this  than  that  useless  medicine 
is  taken,  it  indicates  that  deaths  from  overdosage  might 
have  occurred  in  practice,  had  the  method  for  the 
manufacture  of  potent  preparations  of  insulin  been 
made  available  without  any  control,  and  without  some 
supervision  over  its  distribution.  Under  such  condi- 
tions the  market  would  by  now  be  flooded  with  prepara- 
tions of  unknown  potency  and  durability,  and  serious 
accidents  would  inevitably  have  resulted  because  of 
overdosage. 

The  method  of  gradual  expansion  in  the  clinical 
application  of  insulin  has  eliminated  the  risks  of  such 
accidents.  That  these  would  certainly  have  occurred 
had  insulin  been  made  freely  available  to  the  profession 
will  be  sufficiently  clear  from  the  description  of  its 
use  which  is  given  in  a  preceding  part  of  this  article. 
Even  at  the  risk  of  repetition,  it  should  be  pointed  out 
that  the  symptoms  of  hypoglycemia  due  to  an  overdose 
of  insulin  may  come  on  while  the  patient  is  asleep,  and 
also  that  they  are  sometimes  not  unlike  those  of  the 
late  stages  of  many  cases  of  coma.  When  insulin  is 
used  for  the  treatment  of  diabetic  coma,  therefore — and 
its  value  here  is  unquestioned — the  physician  must  see 
to  it  that  the  blood  sugar  is  not  lowered  to  the  level  at 
which  hypoglycemic  symptoms  supervene.  Experience 
has  shown  how  these  symptoms  can  be  recognized  and 
antidoted  so  that  their  occurrence  is  no  longer  to  be 
feared  as  a  risk. 

It  is  expected  that  insulin  will  be  available  in  general 
practice  within  the  next  few  months,  and  in  anticipation 
of  this,  it  is  strongly  urged  by  the  Insulin  Committee 
that  physicians  who  may  desire  to  employ  this  useful 
antidiabetic  remedy  in  practice  should  visit  some  clinic 
in  which  it  has  been  in  use.  This  is  advisable,  not  only 
that  they  may  become  familiar  with  questions  of  dosage, 
and  the  treatment  of  cases  showing  symptoms  of  over- 
dosage, but  also  that  they  may  learn  to  recognize  the 
type  of   case   for   which   it   should   be   prescribed.      It 
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should  be  remarked  in  this  connection  that  many,  if 
not  most,  cases  of  diabetes  can  be  adequately  treated  by 
dietetic  measures  alone,  and  that  the  necessity  for  insulin 
treatment  can  be  determined  only  by  careful  clinical 
study. 

FUTURE     POLICY    OF    THE     UNIVERSITY    OF    TORONTO 

Now  that  a  satisfactory  process  has  been  worked 
out  for  the  manufacture  of  insulin  on  a  large  scale, 
the  Insulin  Committee  considers  that,  at  the  expiration 
of  the  temporary  agreement  with  the  Eli  Lilly  Company, 
licenses  to  manufacture  insulin  should  be  granted  to 
other  firms  who  are  able  and  willing  to  comply  with 
certain  conditions  imposed  by  the  committee.  The  Eli 
Lilly  Company  agrees  to  assign  to  the  committee  patents 
covering  certain  improvements  in  the  manufacture  of 
insulin  that  have  been  elaborated  by  it.  All  informa- 
tion in  the  possession  of  the  committee,  including  the 
various  methods  involved  in  the  manufacture  of  insulin, 
whether  patented  or  not,  will  be  conveyed  by  the  com- 
mittee to  the  licensed  manufacturers,  it  being  under- 
stood, however,  that  they  on  their  part  agree  to  put  at 
the  disposal  of  the  committee  any  new  processess  they 
may  devise,  whether  patentable  or  not,  and  that  the 
committee  may  then  transmit  this  information  to  other 
manufacturers.  In  other  words,  the  policy  is  to  be  that 
all  patents  already  applied  for  and  all  information  con- 
cerning the  manufacture  of  insulin  will  be  interchanged 
and  made  available  for  such  manufacturers  as  satisfy 
the  Insulin  Committee  that  they  are  in  a  position  to 
undertake  the  manufacture  of  this  substance.  By  this 
arrangement  it  is  considered  that  the  purposes  for 
which  the  L^niversity  of  Toronto  holds  the  patent  rights 
will  l)e  fulfilled,  and  that  the  medical  profession  will  be 
assured  of  the  most  satisfactory  product  at  the  lowest 
cost. 

The  Insulin  Committee  desires  to  express  its  appre- 
ciation of  the  whole  hearted  manner  in  which  the  Lilly 
research  laboratories  have  cooperated  in  working  out 
the  problems  of  large  scale  production  of  insulin.  With- 
out this  collaboration  it  is  unlikely  that  a  nonirritating 
product  of  such  satisfactory  potency  and  durability 
could  have  been  produced  in  adequate  amounts  to  meet 
the  demand  of  the  medical  profession,  in  this  compara- 
tively short  time. 
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THE  INFLUENCE  OF  THE  CEEEBRUM  AND  CEREBELLUM 
ON  EXTENSOR  RIGIDITY. 

BY  W.   P.  WARNER  (M.B.TOR.)  AND  J.  M.  D.  OLMSTED  (M.A.OXON., 

PH.D.HARVARD). 
{FrojH  the  Physiological  Laboratory,  University  of  Toronto.) 

Introduction. 

The  condition  of  decerebrate  rigidity  which  manifests  itself  as  a 
prolonged  and  enduring  contraction  of  the  extensor  muscles,  especially 
those  which  oppose  the  action  of  gravity  when  the  animal  is  standing, 
was  shown  by  Sherrington  [7]  to  result  from  decerebration  at  the 
level  of  the  mid-brain.  It  is  readily  produced  experimentally  in  the 
higher  mammals,  cat,  monkey,  &c.,  by  the  ablation  of  the  cerebral 
hemispheres.  Sherrington  found  that  if  he  removed  only  one  hemi- 
sphere the  rigidity  appeared  to  be  rather  inconstant  in  its  production 
and  non-persistent,  but  was  perhaps  more  marked  on  the  ipsilateral 
side.  He  further  showed  [8J  that  decerebrate  rigidity  is  abolished 
when  the  continuity  of  the  proprioceptive  reflex  arcs  is  interrupted. 
The  afferent  path  of  these  reflex  impulses  ascend  to  the  brain  by  way 
of  Gowers',  or  the  ventral  spino-cerebellar  tract,  and  not  by  the  dorsal 
columns,  since  the  rigidity  is  unaffected  by  cutting  the  latter.  The 
efferent  impulses  do  not  pass  by  way  of  the  pyramidal  tracts,  but 
appear  to  descend  in  the  cord  by  some  tract  originating  in  the  region 
of  the  red  nucleus.  Sherrington  [10]  considered  that  the  cerebellum 
was  not  an  essential  link  in  the  production  of  decerebrate  rigidity, 
since  this  condition  often  remained  after  the  removal  of  the  cerebellum. 

Thiele  [11]  attempted  a  further  analysis  with  the  idea  of  discover- 
ing the  tracts,  centres  and  place  of  origin  in  the  brain  of  the  impulses 
leading  to  decerebrate  rigidity.  He  came  to  the  conclusion  that  this 
condition  is  not  due  to  the  removal  of  the  cortical  influence,  but  of  a 
thalamic  one  ;  and  furthermore,  that  this  thalamic  influence  is  trans- 
mitted along  a  tract  which  decussates  high  up  in  the  mesencephalon.  The 
result  of  cutting  this  tract  far  forwards,  therefore,  is  rigidity  on  the 
opposite  side  of  the  body,  while  a  section  posterior  to  the  anterior  corpora 
quadrigemina  gives  ipsilateral  rigidity  accompanied   by  slight  contra- 


lateral  rigidity.  Thiele  found  that  the  cerebellum  exerted  an  influence 
on  decerebrate  rigidity,  since  extensor  rigidity  appeared  after  each  of  the 
following  operations :  removal  of  the  tentorium,  division  of  the  vermis, 
unilateral  ablation  of  the  cerebellar  cortex.  Eigidity  could  be  abolished 
by  destroying  the  dentate  nucleus  or  by  cutting  the  trapezal  fibres  in 
the  pons.  The  results  of  his  experiments  led  him  to  express  the  view 
that  there  are  two  antagonistic  forces  acting  on  the  ventral  horn  cells 
of  the  cord  ;  one  from  the  thalamus  exercising  an  inhibitory  influence 
upon  the  contralateral  side,  the  other  from  Deiters'  nucleus  exercising 
an  augmenting  influence  ;  an  indirect  control  may  be  maintained  by 
the  cerebellar  cortex,  since  it  exerts  an  inhibitory  influence  on  Deiters' 
nucleus. 

Weed  [1-2]  concluded  from  his  experiments  that  the  main  centre  and 
the  source  of  decerebrate  rigidity  lay  in  the  red  nucleus  in  the  mid- 
brain. The  work  of  Magnus  [3]  and  Bazett  and  Penfield  [1],  how- 
ever, has  proved  that  the  red  nucleus  is  not  the  centre  for  decerebrate 
rigidity,  since  rigidity  persists  after  transection  of  the  brain-stem 
posterior  to  this  nucleus.  Bazett  and  Penfield  locate  the  centre  for 
decerebrate  rigidity  at  the  level  of  Deiters'  nucleus. 

According  to  Weed  there  are  two  inhibitory  influences  acting  on 
the  dentate  nucleus,  one  from  the  cerebellar  cortex,  as  Thiele,  and 
more  recently  Miller  and  Banting  [5] ,  have  shown,  the  other  from  the 
cerebrum.  The  course  of  this  latter  tract  was  shown  definitely  to  lie 
in  the  mesial  anterior  fraction  of  the  internal  capsule  above  the 
thalamus,  and  in  the  mesial  fraction  of  the  crura  cerebri.  Thus  the 
inhibitory  pathway  cannot  originate  in  the  thalamus  as  Thiele  had 
supposed,  but  it  apparently  arises  from  the  cerebral  cortex.  Weed 
demonstrated  that  it  runs  caudad  in  the  mesial  part  of  the  internal 
capsule,  and  inferred  that  its  fibres  ended  in  the  pontile  nuclei.  The 
tract  passes  eventually  to  the  cortex  of  the  cerebellum  by  way  of 
the  contralateral  middle  cerebellar  peduncle.  Sherrington  [9]  had 
suggested  such  a  tract  earlier. 

The  apparently  contradictory  results — namely,  that  in  one  case 
ipsilateral  and  in  the  other  contralateral  rigidity  was  produced  by 
unilateral  cerebral  ablation — Thiele  explained  by  the  difference  in 
level  of  the  section,  ipsilateral  rigidity  resulting  if  it  were  at  a  high 
level  and  contralateral  rigidity  if  at  a  low  level.  Weed,  on  the  contrary, 
found  that  ipsilateral  rigidity  resulted  no  matter  at  what  level  the 
section  was  made. 

Our  object  in  this  investigation  was  the  discovery,  if  possible,  of  the 


exact  location  of  the  inhibitory  pathway,  and  the  effects  produced  by  its 
destruction  at  various  levels. 


EXPEEIMENTAL    EeSULTS. 

(1)  Technique. — All  our  experiments  were  performed  on  cats,  and 
no  experiments  reported  here  were  survival  experiments,  i.e.,  the 
results  were  obtained  within  twenty- four  hours  after  the  first 
operation. 

The  animals  were  deeply  anaesthetized  and  a  tracheal  cannula 
inserted,  after  which  anaesthesia  could  be  continued,  or  artificial  respira- 
tion given.  In  the  first  few  experiments  the  carotid  arteries  were  tied 
previous  to  any  operation  on  the  skull.  This  practice  was  soon  dis- 
continued because  it  was  found  that  in  certain  animals  the  mere  inter- 
ference in  this  manner  with  the  blood  supply  to  the  brain  produced  a 
marked  degree  of  extensor  spasm. 

In  disclosing  the  brain  an  ordinary  trephine,  |  in.  in  diameter,  was 
used.  Haemorrhage  was  controlled  by  the  application  of  wax  to  the  cut 
edges  of  the  bone,  and  of  hot  saline  packs  over  the  whole  area  of  opera- 
tion. No  serious  haemorrhage  was  encountered  in  a  series  of  forty 
animals,  so  that  any  lack  of  extensor  rigidity  was  never  caused  by  an 
enfeebled  condition  consequent  upon  the  loss  of  blood.  The  brain 
could  be  kept  in  an  excitable  condition  only  by  the  continued  applica- 
tion of  warm  saline  sponges.  This  procedure  was  found  to  be  most 
important,  for  unless  the  circulation  in  the  choroid  plexus  remained 
good,  the  cerebral  cortex  quickly  became  iuexcitable  (cf.  Miller  and 
Banting). 

There  are  several  other  factors  besides  the  tying  of  the  carotids 
which  have  an  eftect  on  extensor  muscle  tone.  Chief  among  these  is  the 
position  in  which  the  animal  is  lying,  especially  the  relation  of  the  head 
and  neck  to  the  rest  of  the  body  (Magnus  and  Kleijn  [4] ,  also  Bazett 
and  Penfield,  p.  197).  If  the  animal  is  lying  on  its  side  with  its  head 
raised,  the  limbs  on  the  side  of  the  body  in  contact  with  the  table 
normally  exhibit  a  greater  degree  of  rigidity  than  those  on  the  other 
side.  This  effect  can  be  readily  demonstrated  by  testing  the  rigidity  of 
the  front  or  hind  limbs  of  a  decerebrate  cat  lying  on  its  left  side.  The 
left  fore  and  hind  limbs  will  exhibit  greater  extensor  rigidity  than  the 
right  ones.  But  upon  turning  the  animal  over  on  its  right  side  the 
right  limbs  become  at  once  the  more  rigid.  Therefore  when  a  test  of 
the  degree  of  rigidity  was  being  made  in  an  experiment  the  animal  was 


suspended  on  its  abdomen  in  a  trough  and  the  position  of  the  limbs 
noted  as  they  hung  freely  in  the  air,  or  still  better  a  comparison  vv^as 
made  of  the  force  necessary  to  bend  the  right  and  left  legs  at  the  knee 
or  elbow  when  the  animal  was  suspended  in  the  trough  or  lying  fiat  on 
its  back.  In  the  latter  case  a  spring  balance  was  sometimes  used  to 
register  the  number  of  pounds  of  pressure  necessary  to  cause  bending  of 
the  limb.  This  varied  from  a  few  ounces  to  3^  lb.,  depending  on  the 
state  of  extensor  tone.  Ether  anaesthesia  also  profoundly  affects  muscle 
tone.  If  the  animal  is  lightly  etherized  it  shows  marked  extensor 
rigidity  very  similar  to,  if  not  identical  with,  decerebrate  rigidity. 
Ether  rigidity,  however,  is  always  bilateral  and  is  fairly  transient, 
probably  due  to  inability  to  maintain  a  constant  degree  of  anaesthesia ; 
also  it  is  often  interrupted  by  clonic  movements.  Sometimes  ether 
rigidity  was  purposely  induced  for  experimental  reasons,  but  when  such 
a  condition  might  obscure  rigidities  of  other  origin,  the  animal  was 
allowed  to  come  completely  out  of  anaesthesia  before  the  rigidity  was 
tested,  or  the  anaesthesia  was  deepened  until  the  ether  effect  had  dis- 
appeared, but  rigidity  due  to  -nervous  lesions  persisted. 

In  cutting  parts  of  the  cerebrum,  the  cerebellum,  or  their  peduncles, 
a  very  sharp  scalpel  was  used,  but  if  the  incision  had  to  go  far  into  the 
cranium  and  there  was  danger  of  injury  to  the  venous  sinuses,  a  blunt 
instrument  was  employed. 

For  cortical  or  nerve  tract  stimulation  a  unipolar  stigmatic  electrode 
was  used.  A  large  zinc  plate  applied  to  the  back  of  the  animal  and 
covered  with  gauze  moistened  with  saline  served  as  the  other  pole.  The 
source  of  stimulation  was  an  interrupted  current  from  an  inductorium. 
The  strength  of  the  current  was  not  measured,  but  it  was  just  strong 
enough  to  cause  contraction  of  the  scalp  or  jaw  muscles  when  applied 
directly  to  them.  When  the  cortex  or  cut  surface  of  the  brain  was  dry 
the  effect  of  the  stimulus  could  be  noted  almost  immediately,  but  if  there 
was  haemorrhage  five  to  fifteen  seconds  often  elapsed  before  stimulation 
became  effective.  No  currents  strong  enough  to  spread  to  the  jaw,  scalp 
or  neck  muscles  were  used. 

(2)  Influence  of  cerebrum. — These  experiments  were  undertaken 
with  the  object  of  ascertaining  the  effect  of  high  and  low  section  of  one 
cerebral  hemisphere,  and  of  tracing  to  the  cortex,  if  possible,  the 
inhibitory  tract  found  by  Weed  in  the  mesial  part  of  the  internal 
capsule.  The  first  experiments  to  be  described  are  those  which  resulted 
in  the  production  of  extensor  rigidity. 

In  some  fifteen  cats  marked  contralateral  extensor  rigidity  of  fore 
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and  hind  legs  followed  the  ablation  of  the  whole  of  one  cerebral  cortex 
s  anterior  to  the  optic  thalarous.  (The  results  obtained  are  similar  to 
those  described  in  Cat  58.)  The  rigidity  was  quite  persistent  both  during 
anaesthesia  and  also  when  the  animal  was  fully  out,  except  during  the 
mimetic  walking"  movements  which  always  occur  at  frequent  intervals 
after  this  operation.  The  thalamus  in  these  cats  was  still  intact,  and 
although  mimetic  movements  may  possibly  originate  from  lower 
segments,  they  never  persist  unless  the  thalamus  remains.  The  ipsi- 
lateral  side  often  showed  some  slight  increase  in  extensor  tone,  but  this 
was  inconstant  and  not  marked.  No  rigidity  of  the  neck  or  tail  was 
noted  under  these  conditions. 

Further  section  cau^ad  by  successive  slices  through  the  thalamus 
did  not  increase  the  rigidity,  but  in  one  cat  section  of  one  cerebral  hemi- 
sphere just  below  the  level  of  the  anterior  corpora  quadrigemina 
produced  ipsilateral  rigidity  with  very  slight  increase  in  tone  on  the 
contralateral  side.  The  rigidity  thus  produced  was  similar  in  character 
to  that  produced  by  high  cerebral  ablation,  in  that  it  was  not  as  constant 
or  marked  as  the  rigidity  produced  by  removal  of  both  cerebral  hemi- 
spheres, but  differed  in  that  it  was  chiefly  ipsilateral.  This  bears  out 
Thiele's  statement  that  the  question  whether  ipsi-  or  contralateral 
rigidity  shall  result  after  removal  of  one  cerebral  hemisphere  depends 
upon  the  level  at  which  the  cut  is  made. 

Cat  58. — 9.30  a.m.  anaesthetized.  Trephined  over  left  occipital  lobe.  Cut 
down  through  left  cerebral  hemisphere  just  posterior  to  anterior  corpora 
quadrigemina  to  base  of  the  skull.  Did  not  remove  this  part  of  brain,  but  left 
it  inside  skull.     Ether  discontinued. 

10.15  a.m.:  Cat  raises  head.  Eigidity  on  both  sides,  but  much  more 
marked  on  left  side  in  both  front  and  hind  limbs. 

10.20  :  Claws  with  left  front  leg  violently.  Left  front  leg  then  becomes  very 
rigid.     Both  front  legs  now  become  flaccid. 

10.24  :  Eigidity  returned  in  all  four  legs.  Left  legs  more  rigid  than  right. 
Cat  raises  itself  off  the  table. 

10.40:  Suspended  in  trough.  Left  legs  more  rigid  than  right,  and  more 
difficult  to  pull  out  when  forced  into  position  of  flexion,  i.e.,  some  spasticity  on 
left  side. 

10.45  :  Ether  given  again. 

The  motor  area  in  the  cerebral  cortex  in  several  cats  was  mapped  out 
by  unipolar  stimulation,  and  it  was  found  to  correspond  very  exactly  with 
the  area  described  by  Campbell  [2],  i.e.,  the  region  surrounding  the 
sulcus  cruciatus  (fig.  1).  Definite  flexor  and  rarely  extensor  movements 
of  the  contralateral  limbs  could  be  elicited.     Stimulation  of  the  cortex 


just  ventral  to  the  sulcus  elicited  flexion  of  the  opposite  fore  leg.  Slightly 
more  lateral  stimulation  elicited  flexion  of  toes  of  opposite  fore  leg  ;  still 
more  lateral  elicited  flexion  of  opposite  hind  leg  ;  stimulation  above  the 
sulcus  gave  extension  of  the  opposite  fore  leg.  When  the  motor  area  was 
cut  away  to  a  depth  of  5  mm.  below  the  surface  on  one  side,  there  was 
no  increase  in  extensor  tone  on  either  side  of  the  body.  If,  however,  the 
frontal  area  which  lies  ventral  and  slightly  medial  to  the  motor  area  was 
also  removed,  definite  rigidity  developed  at  once  in  the  contralateral  fore 
and  hind  legs. 


Fig.  1. — Photograph  of  brain  of  cat  No.  56.     S.C. ,  JSulcus  cruciatus  ;   F,  Frontal 
lobe  ;  M.A.,  Motor  area. 

Cat  55. — Anaesthetized.  Trephined  over  left  motor  area  ;  tested  surface  of 
motor  area,  and  it  gave  flexion  of  right  leg.  Part  of  left  motor  area  now 
removed.  Cat  out  of  ether  and  no  rigidity  in  either  front  or  hind  legs. 
Etherized  and  made  a  second  cut  to  mid-line  on  left  side,  removing  all  of  motor 
area.  Cat  out  of  ether.  No  rigidity  developed.  Frontal  area  found  to  be 
still  intact.  Anaesthetized,  and  a  third  deep  slice  made  on  left  side.  Decere- 
brate rigidity  at  once  on  right  side.  Frontal  area  found  to  he  removed. 
Stimulated  cut  surface  of  motor  area,  flexion  of  right  hind  leg. 

If  the  frontal  area  alone  was  removed,  contralateral  rigidity  resulted, 
even  though  the  motor  area,  as  shown  by  stimulation,  was  still  intact. 
The  rigidity  resulting  from  removal  of  frontal  areas  may  be  masked  by 
the  voluntary  movements  which  are  possible  because  of  the  presence  of 
the  motor  area  ;  deep  anaesthesia  does  away  with  these  movements  and 
leaves  the  extensor  rigidity  evident. 

Cat  53. — 10.20  :  Anaesthetized  deeply.  Trephined  on  left  side.  No  rigidity 
as  result  of  trephining. 


10.35 :  Stimula-.ed  cortex  near  sulcus  cruciafcus,  contralateral  fore  foot 
flexed. 

10.37  :  Cut  through  anterior  part  of  left  frontal  lohe.  Eigidity  at  once  in 
right  fore  limb  and  to  a  less  degree  in  right  hind  limb. 

10.50 :  Motor  cortex  responds  to  stimulation  ;  also  mimetic  movements 
with  all  four  feet  occurred,  because  animal  is  coming  out  of  ether. 

10.51 :  Both  fore  legs  now  rigid,  ether  rigidity.  Stimulated  cut  surface  of 
left  frontal  lobe,  right  fore  leg  immediately  goes  limp,  not  flexed.  Left  leg 
unchanged  in  rigidity,  motor  cortex  still  excitable.  Nearly  a  minute  necessary 
to  restore  rigidity  in  right  leg-  Ether  discontinued.  Cat  out  of  ether.  All 
four  legs  move  actively. 

11.9:  Etherized  until  ether  rigidity  developed  again.  Stimulated  cut 
surface  of  left  frontal  lobe.     At  once  rigidity  disappears  from  right  fore  leg. 

11.10:   Motor  cortex  excitable.    Ether  discontinued. 

11.12:  No  rigidity  when  out  of  ether.  All  four  legs  capable  of  voluntary 
movement.     Observations  repeated  in  the  next  few  minutes. 

Extensor  rigidity  therefore  appears  after  operations  on  the  cerebral 
cortex  only  if  the  frontal  area  has  been  injured. 

The  results  of  our  experiments  on  modifying  the  degree  of  rigidity, 
once  it  has  been  produced,  are  as  follows :  If  extensor  regidity  had  been 
produced  by  removing  both  cerebral  hemispheres  just  posterior  to  the 
anterior  corpora  quadrigemina,  stimulation  of  the  cut  brain-stem  on 
the  one  side  produced  an  immediate  cessation  of  rigidity  on  the 
ijjsilafeyal  side.  But  if  rigidity  had  been  produced  by  removing  both 
cerebral  hemispheres  anterior  to  the  anterior  corpora  quadrigemina, 
stimulation  of  one  cerebral  peduncle  was  found  to  give  two  distinct 
effects.  If  the  stimulating  electrode  was  placed  on  the  lateral  side  of 
the  peduncle,  movements  of  the  contralateral  limbs  were  produced, 
i.e.,  the  pyramidal  tracts  were  evidently  stimulated.  These  movements 
consisted  in  vigorous  flexions,  or  sometimes  rhythmic  extension  and 
flexion.  If,  however,  the  electrode  was  placed  on  the  mesial  side  of  the 
peduncle  no  movements  occurred,  but  on  the  contralateral  side  the 
extensor  rigidity  immediately  disappeared.  At  first  it  was  thought  that 
this  disappearance  of  extensor  rigidity  resulted  as  an  act  of  flexion,  but 
this  was  not  the  case,  as  this  limb  merely  went  limp,  and  all  the  muscles 
became  flaccid.  The  limpness  remained  for  5  to  10  seconds  after 
removal  of  the  stimulus  before  the  muscles  regained  their  former 
extensor  tone. 

When  one  cerebral  hemisphere  had  been  cut  away  above  the  thalamus 
and  contralateral  rigidity  was  therefore  present,  stimulation  of  the  outer 
part  of  the  internal  capsule  elicited  movements  of  flexion  and  extension  in 
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both  fore  and  hind  Hmbs  on  the  contralateral  side.  If,  however,  the  mesial 
part  of  the  anterior  limb  of  the  internal  capsule  was  stimulated,  the 
co7itralateral  fore  and  hind  limbs  became  limp,  returning  to  their  former 
state  of  rigidity  shortly  after  the  stimulus  was  removed.  Similarly  if 
the  motor  and  frontal  areas  of  the  cerebral  cortex  on  one  side  were 
removed,  points  were  found  on  the  more  posterior  parts  of  the  cut  surface 
which  gave  contralateral  movements,  and  on  the  more  anterior  and 
mesial  parts,  a  point  which  invariably  gave  inhibition  of  contralateral 
rigidity.  And  finally,  if  the  frontal  area  alone  was  removed,  the  motor 
area  being  left  intact  as  proven  by  stimulation,  the  rigidity  on  the  con- 
tralateral side  immediately  disappeared  upon  stimulation  of  the  cut 
surface  (see  Cat  53).  Although  the  motor  and  frontal  areas  are  close 
together  there  was  no  spread  of  current,  since  the  effects  of  stimulating 
the  two  areas  were  strikingly  different,  in  one  case  active,  forceful 
flexion  or  strong  rhythmic  movements,  and  in  the  other  passive 
flaccidity. 

The  extensor  rigidity  caused  by  light  ether  anaesthesia  was  used 
to  demonstrate  the  inhibitory  function  of  the  cortex  of  the  frontal  lobe. 
Here  also  it  was  found  that  the  rigidity  in  the  contralateral  side 
immediately  disappeared  upon  stimulation  of  one  frontal  cortex  (see 
Cat  53). 

(3)  The  influence  of  the  cerebellum. — In  the  course  of  our  experiments 
we  investigated  the  relation  of  the  frontal  inhibitory  tract  to  the 
cerebellum,  and  we  were  able  to  confirm  the  following  observations 
made  by  other  investigators.  (1)  Injury  to  the  cellebellar  cortex 
causes  ipsilateral  rigidity  (Sherrington,  &c.)  ;  (2)  removal  of  the 
tentorium  on  one  side  produces  ipsilateral  rigidity  (Thiele),  probably 
through  mjury  to  the  cerebellar  cortex ;  (3)  if  extensor  rigidity  is 
present,  removal  of  one  half  of  the  cerebellum,  or  injury  to  one 
dentate  nucleus,  causes  rigidity  to  disappear  from  the  ipsilateral  side 
(Weed)  ;  (4)  stimulation  of  the  anterior  surface  of  vermis  gives  an 
immediate  and  general  relaxation  of  rigidity  (Sherrington,  Miller  and 
Banting,  &c.).  We  also  found  that  if  successive  sections  were  made 
through  the  mesencephalon  in  a  caudad  direction  extensor  rigidity 
suddenly  disappeared  when  the  region  of  the  posterior  corpora  quadri- 
gemina  was  reached.  Histological  sections  taken  from  the  various 
levels  showed  that  rigidity  had  disappeared  when  the  cut  passed  through 
the  pontine  nuclei  posterior  to  the  red  nuclei. 

Although  the  cerebellum  does  not  appear  to  be  absolutely  essential 
for  production  and  maintenance  of  decerebrate  rigidity,  since  Magnus 


[3]  and  others  have  confirmed  Sherrington's  observation  that  the  decere- 
brate rigidity  may  appear  after  total  removal  of  the  cerebellum,  yet  the 
influence  of  this  organ  on  decerebrate  rigidity  is  most  pronounced,  as 
shown  by  the  results  given  in  the  preceding  paragraph.  It  seemed 
probable,  therefore,  that  the  inhibitory  path  from  the  frontal  lobe  might 
be  connected  with  the  cerebellum.  The  relationship  is  shown  in  the 
following  experiments  :  Rigidity  was  produced  on  one  side,  e.g.,  the 
right,  by  removal  of  the  left  cerebral  cortex  above  the  thalamus. 
The  cerebellum  was  exposed  without  injury  to  the  tentorium  and  enough 
of  the  skull  removed  to  make  the  right  middle  cerebellar  peduncle 
accessible.  The  inhibitory  tract  was  then  stimulated  and  the  rigidity 
in  the  right  fore  limb  at  once  disappeared.  This  was  repeated  several 
times,  so  that  there  was  no  doubt  that  the  stimulating  electrode  was 
applied  to  the  proper  place.  The  position  of  the  electrode  was  kept  un- 
altered and  the  right  middle  cerebellar  peduncle  was  quickly  severed. 
The  inhibitory  tract  was  at  once  stimulated  as  before,  but  there  was  no 
effect  on  the  rigidity.  This  experiment  was  repeated  on  another  cat 
with  the  same  result.  The  inhibitory  tract  was  interrupted  by  cutting 
the  middle  cerebellar  peduncle  on  the  side  showing  decerebrate  rigidity. 
Section  of  the  peduncle  on  the  opposite  side  did  not  interfere  with  the 
action  of  the  inhibitory  tract. 

Further  proof  that  the  inhibitory  tract  passes  through  the  middle 
cerebellar  peduncle  is  shown  in  the  following  experiment.  The 
cerebellum  was  carefully  exposed  in  an  etherized  cat  and  the  middle 
cerebellar  peduncle  alone  was  cut.  The  animal  at  once  showed  ipsilateral 
rigidity  exactly  similar  to  that  produced  by  unilateral  cerebral  ablation. 
Deep  anaesthesia  was  necessary  since  the  cat's  voluntary  movements 
when  it  came  out  of  ether  made  impossible  the  detection  of  increased 
extensor  tone.  We  did  not  experiment  with  the  superior  and  inferior 
cerebellar  peduncles  since  AVeed  had  already  shown  that  the  tracts 
which  run  through  them  do  not  contain  fibres  which  upon  stimulation 
inhibit  decerebrate  rigidity. 

Summary  op  Experimental  Eesults. 

(1)  Production  of  decerebrate  rigidity. — Ablation  of  the  motor 
cortex  of  the  cerebral  hemispheres  did  not  result  in  the  condition  of 
extensor  rigidity.  Rigidity  occurred  only  if  the  frontal  areas  were 
destroyed.  If  one  frontal  area  was  removed,  or  the  cerebral  hemisphere 
cut  so  that  the  fibres  arising  from  the  frontal  lobe  and  running  in 
the  internal  capsule  were  interrupted  anywhere  in  their  course  down  to 
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about  the  level  of  the  anterior  corpora  quadrigemina,  contralateral 
rigidity  resulted  with  slight  ipsilateral  rigidity.  Successive  sections 
through  the  entire  heraisphere  did  not  appear  to  increase  the  degree  of 
rigidity  resulting  after  destruction  of  the  frontal  area,  but  the  rigidity 
disappeared  w^hen  the  section  passed  through  the  posterior  corpora 
quadrigemina.  Hemisection  of  the  brain-stem  posterior  to  the  anterior 
corpora  quadrigemina  produced  mainly  ipsilateral  rigidity,  though  contra- 
lateral rigidity  was  also  present,  but  to  a  less  degree. 

(2)  Inhihition  of  extensor  tone. — Extensor  rigidity  could  be  inhibited 
by  stimulating  at  the  following  points:  (1)  the  cut  surface  of  the  frontal 
lobe  ;  (2)  the  mesial  side  of  the  anterior  limb  of  the  internal  capsule ; 
(3)  the  mesial  side  of  the  cerebral  peduncle  ;  (4)  the  brain-stem  just 
posterior  to  the  anterior  corpora  quadrigemina.  In  the  first  three  cases 
inhibition  of  rigidity  appeared  on  the  contralateral  side,  in  the  fourth 
case  on  the  ipsilateral  side.  If  extensor  rigidity  was  present,  cutting  the 
middle  cerebellar  peduncle  abolished  the  possibility  of  inhibiting  the 
rigidity  by  stimulating  at  points  (1)  and  (2)  on  the  opposite  side  to  that 
on  which  the  peduncle  was  cut. 

Ether  rigidity  could  be  inhibited  by  stimulating  the  intact  frontal 
area  on  the  mesial  side  of  the  anterior  limb  of  the  internal  capsule.  The 
effect  was  contralateral. 

The  experimental  evidence,  therefore,  shows  that  there  are  tracts  in 
the  brain  of  the  cat  carrying  impulses  which  tend  to  inhibit  tonic 
extensor  activity,  and  that  decerebrate  rigidity  results  when  the  influence 
of  the  tracts  is  cut  off.  The  tracts  have  their  origin  in  the  frontal  lobes 
of  the  cerebral  hemispheres.  It  is  to  be  noted  that  the  tract  on  one 
side  of  the  brain  does  not  govern  one  side  of  the  body  exclusively,  since 
there  is  an  increase  in  tone  on  both  sides  of  the  body  after  removal  of 
one  frontal  area,  but  the  effect  is  predominant  on  the  contralateral 
musculature.  From  the  frontal  lobe  the  tract  passes  through  the  mesial 
part  of  the  internal  capsule  and  extends  caudad  past  the  level  of  the 
anterior  corpora  quadrigemina.  It  then,  in  the  greater  part  at  least, 
crosses  to  the  other  side  of  the  brain-stem  to  enter  the  cerebellum  by 
way  of  the  middle  cerebellar  peduncle.  The  tract  thus  marked  out 
experimentally  agrees  in  general  with  the  so-called  "  cortico-ponto- 
cerebellar"  path  (Kanson,  [6],  p.  325). 
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It  has  been  shown  that  the  action  of  insuHn  in  lowering  the 
percentage  of  sugar  in  the  blood  does  not  depend  on  any  change 
occurring  in  the  glycolytic  power  of  the  blood  itself  (1).  We  must, 
therefore,  conclude  that  insulin  enters  the  tissue  cells  in  which  it  sets 
up  some  process  by  which  the  glucose  "  tension  "  in  them  is  so  reduced 
that  glucose  is  removed  from  the  blood.  The  tendency  to  reduction 
in  the  percentage  of  blood  sugar  would  be  met  by  the  mobilization  of 
increased  supplies  of  glucose  out  of  the  glycogen  stores  of  the  liver. 
When  excess  of  insulin  is  present,  however,  this  replenishing  mechan- 
ism is  evidently  not  competent  to  maintain  the  blood  sugar  level  so 
that  hypoglycaemia  results.  When  we  consider  the  great  demands 
that  the  muscles  are  known  to  make  for  glucose  during  strenuous 
muscular  exercise,  as  evidenced  by  the  rapid  reduction  in  the  glycogen 
stores  of  the  liver,  the  question  arises  whether  insulin  may  act,  in 
part  at  least,  by  stimulating  glycogen  formation  both  in  the  tissues 
and  in  the  liver.  By  its  glycogenetic  action  in  the  former  position 
it  would  cause  a  lowering  of  glucose  tension  and  by  its  action  in  the 
latter,  it  would  lock  up  reserve  glycogen. 

There  are  two  other  processes  by  which  glucose  might  be  used  up 
in  the  tissues,  namely,  increased  combustion,  and  reduction  into  fat- 
like substances.  Experiments  designed  to  test  the  last-mentioned 
possibilities  will  be  considered  in  another  communication,  and  the 
present  one  deals  with  the  question  whether  insulin  causes  more 
glycogen  to  be  deposited  in  the  muscles  and  the  liver  of  normal 
animals.  Some  evidence  that  it  may  have  this  effect  is  afforded  by 
the  fact  that  much  glycogen  becomes  deposited  in  the  liver  of  diabetic 
(depancreated)  dogs  when  they  are  treated  with  insulin  and  at  the 
same  time  are  fed  with  carbohydrates  (2).  But  this  evidence  is  of 
little  weight  in  judging  of  what  occurs  in  the  normal  animal,  for  in  the 
diabetic  animal  no  insulin  is  available,  whereas  in  the  normal  it  is 
altogether  likely  that  there  is  at  all  times  a  sufficient  supply  to  meet 
every  requirement.  In  other  words,  supposing  that  insulin  does 
cause  glycogen  to  be  formed,  the  normal  organism  may  secrete  this 
hormone  strictly  in  proportion  to  the  demands  for  it,  so  that  the 
presence  of  an  excess  as  by  injection,  may  not  cause  any  more  glycogen 
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to  become  formed.  In  the  present  investigation,  direct  evidence  for 
stimulation  of  glycogen  formation  by  insulin  in  normal  animals  was 
sought  by  comparing  the  amount  of  this  substance  in  the  liver,  muscles 
and  the  heart  of  rabbits,  all  similarly  fed,  but  some  of  them  injected 
with  insulin  and  others  not  injected.  These  three  tissues  were 
selected  because  the  glycogen  present  in  them  may  not  have  exactly 
the  same  physiological  significance.  There  is  little  doubt  that  the 
glycogen  of  the  liver  is  a  storage  material  as  originally  suggested  by 
Claude  Bernard,  but  in  the  muscles,  and  particularly  in  the  heart, 
there  is  evidence  to  show  that  it  is  something  more  than  this,  being 
perhaps  a  preliminary  step  in  the  preparation  of  carbohydrate  for 
combustion.  The  facts,  first,  that  glycogen  remains  in  the  skeletal 
muscles  even  after  death  from  prolonged  starvation  and  after  exhaust- 
ing muscular  exercise  (3),  and  second  that  the  percentage  of  glycogen 
actually  becomes  greater  in  the  heart  muscle  after  prolonged  starvation 
and  in  diabetes,  when  in  both  cases  glycogen  practically  disappears 
from  the  liver,  lend  support  to  these  views.  It  was  recognized  at  the 
outset  of  the  investigation  that  great  difficulties  would  be  encountered 
in  demonstrating  the  glycogen  content  of  the  tissues  of  normal  animals, 
because  of  the  great  variations  which  are  known  to  occur  even  when 
dietetic  and  other  conditions  in  different  animals  are  made  as  uniform 
as  possible.  Thus,  according  to  Schondorff  (5),  in  similarly  fed  dogs, 
the  following  variations  in  the  percentage  of  glycogen  were  found  in 
the  liver,  heart  and  muscles. 


Liver 

Muscles 

Heart 

Max. 

Min. 
4.35 

Max. 
3.72 

Min. 

Max. 

Min. 

18.09 

0.72 

1.21 

0.10 

Great  variations  also  occur  in  different  muscles,  dependent  partly 
on  their  activity,  as  is  shown  in  the  following  results  obtained  by 
Cramer  (6) : 

Dog.  1.    Biceps  brachii 0. 17 

Quadriceps  femoris 0.53 

Dog  2.     Biceps  brachii 0.25 

Quadriceps  femoris 0.32. 

Some  part  of  these  differences  observed  among  different  muscles 
may  be  due  to  unequal  intervals  elapsing  between  the  death  of  the 
animal  and  the  weighing  of  the  muscles  prior  to  their  immersion  in 
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caustic  potash  but  even  allowing  for  this,  considerable  variations  in 
glycogen  content  occur  as  the  following  results  show: 

Per  cent,  glycogen  in  flexor  and  adductor  muscles  of  rabbit 


Left  leg 

Right  leg 

Rabbit  1 

0.21 

0,30 

Rabbit  2 

0,27 

0,40 

In  both  cases  the  muscles  of  the  left  leg  were  the  first  removed, 
so  that  post-m.ortem  glycogenolysis  cannot  be  held  responsible  for  the 
differences.  The  following  table  shows  the  variation  in  glycogen 
content  found  in  rabbits  that  had  been  starved  for  three  days,  epine- 
phrin  being  given  on  the  third  day.  Isotonic  saline  was  injected  at 
intervals  subcutaneously  in  most  cases,  for  some  hours  preceding 
death,  this  being  done  so  that  the  conditions  might  be  similar  to  those 
of  the  insulin  treated  animals. 


Per  cent,  glycogen 

in 

Expt. 

Liver 

Muscles 

Heart 

•  Remarks 

G 

38 
37 
41 
56 

0,30 
0.26 
0,08 
0,52 
0,01 

0,05 

0,01 

0,05 

0,004 

0,06-0,10 

0,62 

0,13 
0,18 
0.52 

Saline  6  hrs. 
Saline  4  hrs. 
Saline  6  brs. 
Saline  3  hrs. 
No  saline 

Average 

0.25 

0.040 

0.38 

It  is  of  interest  that  these  results  confirm  those  of  Prendergast 
and  Macleod  that  the  heart  contains  the  highest  percentage  of  gly- 
cogen in  starved  animals  {could  adrenalin  cause  this?).  It  will  be 
observed,  however,  that  much  less  glycogen  is  present  in  the  skeletal 
muscles  than  that  found  by  Schondorff,  or  Prendergast  and  Macleod. 
Cramer  sometimes  found  percentages  in  the  muscles  of  rabbits  com- 
parable with  those  of  our  experiments.  The  results  raise  the  question 
whether  epinephrin  may  be  responsible  for  the  very  low  values.* 

*Subsequent  experiments  of  the  following  type  would  seem  to  indicate  that 
such  is  the  case.  Two  of  four  rabbits  starved  for  four  days  were  given  3  doses  of 
1  5  mgm.  Adr.  Chloride  on  the  fourth  day.  Glycogen  analyses  made  on  the  fifth 
day  show  the  following  results: 

Non-Adrenalin  Adrenalin 


Rabbit 

Liver 

Heart 

Left  Muscle.. 
Right  M^uscle . 


1 
.060% 
.024 
.075 
.053 


2 
.640% 
.044 
.383 
.317 


3 

.128% 
.104 
.026 
.016 


4 
.101% 
.224 
.006 
.002 
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In  the  livers  of  22  rabbits  that  were  starved  for  three  days 
(3  of  them  only  for  2  days)  and  all  given  epinephrin  on  the  last  day 
of  starvation,  and  then  given  insulin,  the  percentage  of  glycogen  was 
below  0.70  in  all  save  three,  in  which,  however,  the  percentages  were 
1.48,  1.32  and  1.40  respectively.  The  average  of  the  whole  series 
was  0.34  per  cent,  and  the  minimum  0.01.  In  a  series  of  thirteen 
rabbits  that  were  variously  fed  up  to  the  time  of  giving  insulin,  the 
maximum  percentage  of  glycogen  was  12.5,  the  minimum  1.32  and 
the  average  4.7. 

In  the  various  experiments  of  the  present  investigation,  batches 
usually  of  six  rabbits  each  were  starved  for  2  to  3  days  and  given 
epinephrin  on  the  second  or  third  day.  Certain  of  the  rabbits  in 
each  batch  were  then  given  carbohydrate,  the  exact  amounts  varying 
in  different  experiments,  but  every  rabbit  of  a  particular  batch 
receiving  the  same  amount.  Other  rabbits  were  used  as  controls. 
Insulin  was  also  given  to  certain  of  the  rabbits.  In  several  hours 
(3  to  6),  after  giving  insulin  all  the  animals  were  killed,  and  the  liver, 
thigh  muscles  and  heart  quickly  excised,  cut  in  slices  and  these  pressed 
between  folds  of  absorbent  paper  and  weighed.  The  glycogen  was 
then  determined  by  Pfliiger's  method.  Care  was  taken  to  keep  the 
details  of  analysis  constant  for  the  various  specimens  of  each  series. 

Results 

Siihcutaneous  injection  of  large  amounts  of  glucose 

Experiment  1. — Seven  rabbits  were  starved  2  days  and  given 
0.2  mgms.  adrenalin  chloride  on  the  second  day.  Four  of  them, 
A,  B,  C,  and  D,  were  injected  with  0.25  cc.  per  kilo  body  weight  of  a 
very  strong  preparation  of  insulin.  Three,  E,  F,  and  G,  were  given 
no  insulin.  Two  grams  glucose  per  kilo  were  subcutaneously  injected 
in  30  per  cent,  solution  every  half-hour.  Because  of  its  hyper- 
tonicity  this  caused  considerable  (Edema.  Two  rabbits  (one  with  and 
one  without  insulin)  were  injected  with  isotonic  saline  at  the  same 
time  as  the  others  were  given  sugar.     The  results  were  as  follows: 
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Normal  rabbits 

Insulin  rabbits 

Rabbit 

Per  cent,  of  Glycogen 

Rabbit 

Per  cent,  of  Glycogen 

Heart 

Muscle 

Liver 

Heart 

Muscle 

Liver 

Dextrose 
4  hrs. 

F. 

0.35 

0.10 

4.16 

C. 

0.40 

0.17 

1.48 

Dextrose 
4  hrs. 
40  mins. 

B. 

0.64 

0.12 

3.88 

Dextrose 
6  hrs. 

E. 

0.41 

0.09 

5.56 

A. 

0.83 

Lost 

5.96 

Saline 
6  hrs. 

G. 

0.62 

0.05 

0.30 

D.(C*) 

0.21 

0.01 

0.01 

Note. — In  this  and  the  subsequent  tables: 

(C)    indicates   convulsions;     (C+)    repeated  convulsions;    (C*)  death   during 
convulsions  or  while  in  coma. 

The  following  facts  are  noteworthy: 

1.  In  the  control  animals  (injected  with  saline)  the  glycogen  is 
much  less  in  all  positions,  but  particularly  in  the  liver  and  muscles, 
after  insulin. 

2.  Rapid  glycogen  formation  occurred  in  all  the  sugar-injected 
animals,  there  being  no  significant  difference  between  those  with  and 
those  without  insulin  in  the  cases  of  the  liver  and  muscles.  In  the 
case  of  the  hearts,  however,  more  glycogen  was  found  in  the  insulin- 
injected  animals. 

Experiment  2. — -This  was  of  the  same  type  except  that  insulin 
was  injected  more  frequently,  so  that  it  caused  fatal  coma  in  2  hours 
in  one  of  the  control  animals,  and  serious  convulsions  in  one  of  those 
injected  with  glucose.     The  results  are  as  follows: 


68 


THE  ROYAL  SOCIETY  OF  CANADA 


Normal  Rabbits 

Insulin  Rabbits 

Rabbit 

Per  cent,  of  Glycogen 

Rabbit 

Per  cent,  of  Glycogen 

Heart 

Muscle 

Liver 

Heart 

Muscle 

Liver 

Dextrose 

4  hrs. 

36 

0.44 

0.01 

3.44 

72 

0.44 

0.06 

3.72 

Dextrose 
6  hrs. 

49 

0.43 

0.12 

8.70 

35  (C*) 

0.44 

0.10 

3.08 

Saline 
4  hrs. 

38 

Lost 

0.01 

0.26 

11(C) 
2  hrs. 

0.06 

0.02 

0.14 

Saline 
6  hrs. 

37 

0.13 

0.05 

0.08 

40(C) 

0.41 

0.13 

0.55 

The  following  facts  are  noteworthy: 

1.  Only  one  of  the  saline  control  pair  of  animals  can  be  used  in 
this  case  and  it  shows  more  glycogen  in  all  positions  after  insulin. 

2.  In  the  glucose-injected  animals  practically  the  same  amounts 
of  glycogen  were  deposited  with  and  without  insulin. 

3.  The  occurrence  of  violent  convulsions  in  rabbit  35  despite 
massive  injections  of  glucose  is  of  importance  as  is  also  the  fact  that 
considerable  quantities  of  glycogen  were  found  present  in  the  liver. 
It  is  altogether  likely  that  there  was  hyperglycaemia  in  this  case 
(although  the  blood  sugar  was  not  examined)  which  would  seem  to 
indicate  that  when  there  is  a  large  excess  of  insulin  in  the  organism, 
glucose  alone  cannot  prevent  the  development  of  symptoms.  The 
considerable  amounts  of  glycogen  found  in  the  livers  of  certain  of 
the  saline-controls  in  these  experiments  prompted  us  to  repeat  them, 
using  rabbits  that  had  been  starved  for  three  days. 


Experiment  3. — -The  results  were  as  follows: 
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Normal  Rabbits 

Insulin  Rabbits 

Rabbit 

Per  cent,  of  Glycogen 

Rabbit 

Per  cent,  of  Glycogen 

Heart 

Muscle 

Liver 

Heart 

Muscle 

Liver 

Dextrose 
4  hrs. 

44 

0.44 

0.01 

4.76 

35  (C*) 

0.82 

0.02 

2.60 

Dextrose 
6  hrs. 

34 

1.11 

0.08 

3.56 

Dextrose 
6  hrs. 

43 

0.70 

0.03 

5.12 

7 

0.84 

0.20 

2.92 

Saline 
2  hrs. 
50  mins. 

41 

0.18 

0.004 

0.52 

9(C*) 
(2  hrs.) 

0.09 

0.005 

0.24 

The  following  facts  are  noteworthy: 

1.  In  the  saline  control  animals,  glycogen  is  less  in  the  heart  and 
liver  following  insulin.  It  should  be  noted,  however,  that  the  liver 
of  the  "normal"  rabbit  contains  an  unusually  high  percentage  of 
glycogen. 

2.  In  all  animals  given  glucose  there  is  less  glycogen  in  all  places 
(except  the  muscles)  in  those  that  were  given  insulin.  Although 
the  results  of  these  three  experiments  are  inconclusive,  because  of 
their  irregularity,  they  seem  to  indicate  a  relative  increase  in  the 
glycogen  of  the  heart  and  a  decrease  in  that  of  the  liver  when  insulin 
is  given  along  with  glucose.  When  insulin  is  given  without  glucose 
there  is  relatively  less  glycogen  in  the  liver  (except  one  case). 

As  already  mentioned  the  inconclusive  nature  of  these  results 
may  depend  on  the  overwhelming  amounts  of  glucose  that  were 
injected.  The  experiments  were,  therefore,  repeated  by  giving  small 
quantities  to  previously  starved  animals  by  stomach  tube. 


Small  quantities  of  glucose  per  os. 

Experiment  4. —  Eight  rabbits  were  starved  (except  for  water) 
during  four  days,  and  glucose  solution  then  given  by  stomach  tube 
to  six  of  them  (2  grms.  per  kilo  body  weight).  Insulin  was  also  given 
to  four  of  the  animals.  They  were  killed  in  pairs  at  the  times  after 
giving  glucose  indicated  in  the  table: 
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Normal  Rabbits 

Insulin  Rabbits 

en 

Expt. 
No. 

Per  cent,  of  Glycogen 

Expt. 

No. 

Per  cent,  of  Glycog 

Heart 

Right 
Muscle 

Left 
Muscle 

Liver 

Heart 

Right 
Muscle 

Left 
Muscle 

Liver 

Controls 
(no  glucose) 

56 

0.52 

0.06 

0.10 

0.01 

55(C) 

0.11 

0.03 

0.03 

0.96 

2hrs. 

45 

0.04 

0.006 

0.005 

0.15 

51 

0.58 

0.11 

0.14 

0.92 

4hrs. 

53 

0.34 

0.04 

0.02 

2.20 

60 

0.41 

0.18 

0.12 

0.62 

6  hrs. 

47 

0.02 

not 
done 

0.04 

0.33 

52 

0.31 

0.002 

0.01 

0.72 

The  following  facts  are  noteworthy : 

1.  The  heart  shows  decidedly  more  glycogen  in  the  insulin 
treated  animals  given  glucose  although  it  is  less  in  the  control  which 
was  not  giv^en  glucose. 

2.  The  muscles  of  the  right  and  left  legs  usually  correspond  fairly 
closely  and  there  is  usually  more  in  the  insulin  treated  animals  when 
glucose  is  given. 

3.  In  the  liver  the  largest  amount  of  glycogen  was  deposited  in  a 
case  not  recei^'ing  insulin,  but  in  the  two  other  cases,  more  was 
present  when  insulin  was  given. 

The  results  of  the  experiment  are  quite  inconclusive,  possibly 
because  insufficient  time  was  allowed  for  glycogen  formation  following 
the  administration  of  glucose. 

Experimeiits  5  and  6. — ^The  plan  of  the  remaining  experiments 
was,  therefore,  to  feed  previously  starved  rabbits  with  small  quantities 
of  oats,  each  rabbit  receiving  the  same  amount  during  several  days, 
some  of  the  animals  being  given  insulin.  The  experiment  was  a  very 
difficult  one  to  carry  out  because  of  the  susceptibility  of  the  animals 
to  insulin.  When  severe  convulsions  occurred  epinephrin  had  to  be 
given  to  restore  it,  so  that  the  animal  had  to  be  discarded.  In  the 
first  experiment  of  this  series,  which  was  of  five  days'  duration,  only 
one  of  the  four  rabbits  that  were  given  insulin  (twice  daily)  did  not 
show  serious  convulsions,  requiring  epinephrin.  Two  of  the  control 
animals  were  used.  The  experiment  was  repeated  by  giving  some- 
what less  insulin  especially  during  the  later  days.  Out  of  four  rab- 
bits started  with,  two  were  successfully  carried  to  the  fifth  day. 
The  liver  alone  was  used  for  glycogen  determinations  and  these  were 


[MCCORMICK,  ETC.]    INSULIN  AND  GLYCOGEN  FORMATION  71 

done  in  duplicate  from  different  portions  of  liver.     The  results  were 
as  follows: 

Insulin  Non-Insulin 

Rabbit  A52,  Liver  Glycogen  =2.0%  F47,   Liver  Glycogen  =3.0% 

(C)  "  "  =2.3%  "  "         =2.9% 

H  "  "         =3.4% 

"         =3.9% 

Rabbit  B,  Liver  Glycogen  =0.27So  F42,  Liver  Glycogen  =0.79% 

=  0.27%  "  "  =0.66% 

Rabbit  D,       "  "         =0.028%  G  54,   "  "  =1.54% 

(C+)  "  "  =1.4% 


The  following  facts  are  noteworthy: 

1.  In  all  cases  decidedly  less  glycogen  is  present  in  the  insulin- 
treated  animals.  In  two  of  them  convulsions  occurred  sometime 
during  the  observation  and  the  violent  muscular  action  may  be 
responsible  for  the  low  glycogen. 

Experiment  7. — The  experiment  was,  therefore,  repeated  with 
greater  care  to  avoid  convulsions.  Eight  normal  rabbits,  supposedly 
glycogen -free,  were  used  for  this  experiment.  Five  were  given  small 
doses  of  insulin  and  the  remaining  three  used  as  controls.  The 
experiment  lasted  for  about  75  hours,  during  the  last  thirty  of  which 
the  animals  were  kept  continuously  under  the  influence  of  the  insulin 
by  small  doses  every  three  or  four  hours,  dependent  upon  the  condition 
of  the  animal.  In  this  experiment  no  attempt  was  made  to  force  the 
same  amount  of  insulin  upon  each  animal  as  in  the  previous  experi- 
ments, but  rather  to  keep  them  all  under  nearly  the  same  conditions, 
as  it  has  been  clearly  shown  that  some  animals  are  much  more  re- 
sistant to  the  action  of  the  insulin  than  are  others.  The  insulin  used 
was  a  mixed  sample  and  was  assayed  at  approximately  10  units 
per  cc.  Despite  a  small  dose  rabbit  No.  2  suffered  convulsions  during 
the  first  night.  The  dose  was  greatly  diminished  first  to  1/2  and 
then  to  1/3  or  even  less.  Blood  sugar  determinations  made  fairly 
regularly  in  the  case  of  rabbit  No.  2  and  occasionally  for  the  others 
show  that  this  dose  causes  a  marked  reduction  which  lasts  for  well 
over  the  3  hours  before  returning  to  normal  and  so  is  still  down  at  the 
time  of  the  next  dose.  The  reduction  was  great  enough  to  cause 
repeated  convulsions  in  rabbit  No.  1.  Rabbit  No.  3  also  suffered  one 
convulsion  at  noon  of  the  2nd  day  but  like  No.  2  was  free  after  this 
one  accident.     Nos.  4  and  5  were  convulsion-free  throughout  and 
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were  kept,  intermittently  at  first  and  later  constantly  hypoglycaemic. 
The  results  are  as  follows: 


Normal  Rabbits 

Insulin  Rabbits 

No. 

Heart 

Muscle 

Liver 

No. 

Heart 

Muscle 

Liver 

6 

0.22 

0.27 

2.18 

1 

0.32 

0.10 

1.60  (C  +  ) 

7 

0.15 

1.18 

2 

0.32 

0.32 

0.77  (C) 

§ 

0.11 

0.15 

0.43 

3 

0.49 

0.14 

2.26  (C) 

4 

0.30 

0.22 

2.08 

5 

0.07 

0.10 

2.26 

The  following  facts  are  noteworthy: 

1.  The  heart  usually  contains  more  glycogen  in  the  insulin- 
treated  animals. 

2.  There  is  no  difference  in  the  skeletal  muscles  of  the  two 
groups. 

3.  There  is  no  difference  in  the  liver  of  the  two  groups. 
Taking  the  results  as  a  whole  there  is  no  evidence  that  injection 

of  insulin  into  normal  animals  causes  any  significant  change  in 
glycogen  formation,  except  possibly  that  it  causes  more  glycogen  to 
be  deposited  in  the  heart.  In  so  far  as  the  liver  is  concerned 
insulin  injections  usually  cause  less  glycogen  to  be  deposited  than 
in  control  animals  given  the  same  amount  of  carbohydrate.  This 
may  be  related  to  the  condition  of  muscular  excitability  which  is  an 
early  symptom  of  overdosage. 

These  results  are  in  striking  contrast  to  those  obtained  by  feeding 
glucose  to  diabetic  animals  injected  with  insulin  and  we  conclude  that 
the  difference  is  due  to  the  fact  that  normal  animals  can  at  all  times 
release  from  the  pancreas  a  sufficient  supply  of  insulin  to  metabolize 
or  polymerise  whatever  amounts  of  carbohydrate  may  be  present  in 
the  body.  In  other  words,  the  endogenous  insulin  supply  is  always 
at  an  optimum  so  that  added  insulin,  as  by  injecting  it,  does  not  have 
any  effect  in  causing  increased  glycogen  formation.  In  the  diabetic 
organism  on  the  other  hand,  no  insulin  being  available  from  endogen- 
ous sources  its  administration  from  without  is  immediately  followed 
by  glycogen  formation.  Finally,  there  is  no  evidence  in  this  investiga- 
tion that  the  rapid  disappearance  of  blood  sugar  caused  by  insulin 
in  normal  animals  is  due  to  glycogen  formation. 
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X.    The  Possible  Control  of  the  Internal  Secretion  of  Insulin  by  the 

Vaf^ics  Nerve 

By  x\.  A.  McCoRMiCK,  B.A.,  J.  J.  R.  Macleod,  F.R.S.,  F.R.S.C,  and 
M.  K.  O'Brien,  B.A. 

(Read  May  Meeting,  1923) 

The  well-known  nervous  control  of  certain  of  the  glands  that 
produce  an  "external"  secretion  has  prompted  many  investigators 
to  seek  for  a  similar  control  of  those  with  an  "internal"  secretion. 
But  the  results  are  in  general  of  a  doubtful  character  because  it  is 
extremely  difficult  to  devise  means  for  the  measurement  of  the 
internal  secretion.  Only  two  methods  are  indeed  available  for  this 
purpose,  one  of  them  being  to  estimate  by  chemical  or  biological 
means  the  concentration  of  the  supposed  internal  secretion  in  the 
blood  flowing  from  the  gland,  and  the  other  to  observe  some  measur- 
able function  of  the  body  upon  which  a  change  in  the  concentration  of 
the  particular  internal  secretion  in  its  blood  supply  would  have  an 
effect.  As  pointed  out  by  Stewart  &  Rogoff,  evidence  of  an  increased 
secretion,  particularly  by  the  first  of  these  methods,  can  be  claimed 
only  provided  that  there  has  been  no  change  in  blood  flow  through 
the  gland. 

Since  the  discovery  of  von  Mering  &  Minkowski  in  1889  that 
pancreatectomy  is  followed  by  acute  diabetes,  evidence  has  gradually 
accumulated  in  support  of  the  view  that  the  pancreas  produces  an 
internal  secretion,  insulin,  which  controls  the  metabolism  of  carbo- 
hydrates. Successful  demonstration  of  the  presence  of  such  a  secre- 
tion in  extracts  of  the  gland  was  finally  accomplished  by  Banting  & 
Best  and  it  was  found  that  such  extracts  are  capable  of  lowering  the 
percentage  of  blood  sugar  not  only  in  diabetic  animals,  but  also  in 
normal  animals.  Banting  &  Best's  experiments,  as  well  as  others  in 
which  the  principal  islets  of  certain  bony  fishes  were  used,  added 
support  to  the  view  that  the  internal  secretion  is  derived  from  the 
so-called  islets  of  Langerhans. 

These  facts  will  serve  to  explain  the  purpose  of  the  present 
investigation,  namely  to  see  whether  evidence  could  be  obtained  of  an 
increased  secretion  of  insulin  from  the  pancreas  by  stimulation  of  its 
nerve  supply.  Since  even  small  doses  of  insulin  injected  subcutane- 
ously  are  capable  of  causing  a  prompt  lowering  in  the  percentage  of 
blood  sugar  in  normal  animals  any  increased  secretion  of  insulin  from 
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the  gland  would  be  expected  to  cause  a  lowering  of  the  blood  sugar. 
For  obvious  reasons  it  is  necessary  that  the  experiments  be  performed 
on  deeply  anaesthetised  or  on  decerebrate  animals  in  both  of  which  a 
marked  increase  in  blood  sugar  occurs,  but  since  insulin  has  been 
shown  to  reduce  the  blood  sugar  under  these  conditions,  this  should  not 
in  itself  interfere  with  the  demonstration  of  an  increased  secretion  of 
this  hormone  should  such  occur.  The  pancreas  receives  its  nerve 
supply  from  two  sources,  the  vagus  (right)  and  the  sympathetic 
(great  splanchnic).  It  is  known  that  stimulation  of  the  sympathetic 
causes  the  blood  sugar  to  become  decidedly  increased  so  that  the 
present  investigation  has  been  confined  to  the  possibility  that  there 
is  control  in  an  opposite  sense  through  the  vagus.  After  the  investi- 
gation had  been  well  under  way  we  came  to  learn  that  similar  observa- 
tions had  been  made  by  de  Corral  working  in  Asher's  laboratory  in 
Bern.  Using  dogs  anaesthetised  with  morphine  and  ether  or  with 
ether  and  urethane,  the  right  vagus  was  stimulated  in  the  thorax 
after  section  of  the  hepatic  plexus  and  in  five  out  of  eight  experiments 
a  slight  reduction  in  blood  sugar  (determined  by  the  Bang  micro- 
method)  is  recorded.  The  experiments  are  far  from  conclusive 
because  there  were  not  adequate  controls  arid  the  periods  of  observa- 
tion averaged  only  one  hour  and  fifteen  minutes. 

Although  the  results  of  the  present  investigation  are  no  more 
conclusive  than  those  of  de  Corral  it  has  been  considered  advisable 
to  place  them  on  record  especially  since  there  are  among  them  certain 
that  support  the  view  that  the  vagus  has  an  influence  on  the  per- 
centage of  blood  sugar. 

The  majority  of  the  experiments  were  done  on  etherized  dogs, 
although  a  few  were  also  done  on  decerebrate  cats.  The  blood  for 
analysis  was  taken  from  the  femoral  artery  and  the  sugar  determined 
by  the  Shaffer-Hartmann  method.  Not  infrequently  some  difficulty 
was  experienced  in  securing  perfectly  clear  filtrates  (after  precipita- 
tion of  the  proteins  by  the  Folin-Wu  reagent)  but  when  these  could 
not  be  obtained  the  observation  was  discounted. 

In  stimulating  the  vagus  the  chief  problem  is  to  circumvent  the 
fall  in  blood  pressure  due  to  cardiac  inhibition,  for  it  has  been  observed 
frequently  by  us,  and  also  by  Stewart  &  Rogoff,  that  a  marked  fall 
in  this  is  usually  accompanied  by  a  fall  in  blood  sugar.  This  was 
accomplished  by  stimulating  the  nerve  (rv)  either  on  the  cardia 
immediately  after  its  entry  into  the  abdomen  or  on  the  oesophagus. 
Induced  shocks  of  varying  strength  and  frequency  of  interruption 
were  used.  In  the  latter  case  the  technique  used  by  de  Corral  was 
followed,  the  hepatic  plexus  also  being  cut.     In  two  cases,  in  rabbits, 
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the  nerve  was  cut  with  aseptic  precautions  in  the  neck  and  the  lower 
end  stimulated  two  days  later  when  presumably  the  cardiac  but  not 
the  secretory  fibres  would  be  degenerated.  These  results  were  entirely 
negative. 

The  observations  on  decerebrate  cats  were  also  unsatisfactory 
because  of  the  extreme  degree  of  hyperglycaemia  which  exists.  This 
accounts  for  the  glycosuria  previously  observed  in  these  preparations, 
which  has  been  more  fully  investigated  by  Bazett.  It  is  evidently 
due  to  extreme  excitement  of  the  glycogenolytic  function  of  the  liver 
for  enormous  doses  of  insulin,  injected  subcutaneously,  were  found 
to  be  necessary  to  affect  it. 

One  of  the  typical  experiments  of  this  group  is  as  follows: 


Cat  No.  2.      Vagus  not  stimulated. 
Anaesthetized  9:15;  decerebrated  9:40. 


Time 

9:30 

9:30 
10:10 
10:30 
10:50 
11:00 
11:20 
11:40 

12:10  (Heart  Sample) 
12:40        " 
Glycogen  in  Liver — 1.6% 


Cat  No.  7.      Vagus  stimulated. 

Anaesthetized  3:05;  decerebrated  3:25. 
%  Glucose  in  Blood    Time  %  Glucose  in  Blood 

.334  3:59  .475 

.335  4:00— start  stim. 

.359  4:04  .500 

.421  4:09  .520 

complete  reduction   4:34  .460 

.420  4:54  .525 

complete  reduction    5:12  .625 


Glycogen  in  the  Liver — 0.08' 


In  certain  of  the  experiments  the  hyperglycaemia  was  not  nearly 
so  pronounced  as  in  the  examples  given  and  in  these  only  traces  of 
glycogen  were  found  present  in  the  liver. 

The  vagus  was  stimulated  in  six  animals.  Taking  the  blood 
sugar  immediately  before  stimulating  and  the  lowest  within  one  hour 
after,  the  following  results  were  obtained : 


Blood  Sugar  (%) 

No.  of  Cat 

No.  of  minutes 

Before 

After 

4 

0.172 

0.148 

4 

3 

0.266 

0.186 

10 

6 

0.337 

0.296 

12 

7 

0.475 

0.460 

34 

9 

0.265 

0.254 

20 

10 

0.340 

0.316 

4 

60  THE  ROYAL  SOCIETY  OF  CANADA 

In  five  decerebrate  cats  in  which  the  nerve  was  not  stimulated 
the  blood  sugar  either  rose  continuously  throughout  the  period  of 
observation  (3  cases)  or  it  rose  steadily  to  a  peak  and  then  fell  off 
(2  cases).  In  none  of  these  was  there  any  evidence  of  a  drop  at  any 
stage  of  the  observation.  Indeed  a  characteristic  of  the  results  in 
the  "stimulated"  animals  was  the  irregularity  in  the  blood  sugar 
following  the  stimulation.  Although  it  would  be  rash  to  conclude 
from  the  results  of  these  experiments  that  stimulation  of  the  vagus 
lowers  the  blood  sugar,  they  certainly  afford  some  evidence  that  it 
has  at  least  a  temporary  influence,  which  in  our  experiments  was  most 
pronounced  within  twelve  minutes  after  applying  the  stimulus. 

In  the  experiments  on  dogs  the  blood  sugar  was  also  examined 
at  frequent  intervals.  In  numerous  normal  (anaesthetised)  animals 
observed  at  various  periods  by  us  it  has  been  found  that  the  blood 
sugar  may  show  considerable  variations,  dependent  in  part,  probably, 
on  varying  degrees  of  anaesthesia.  Usually  the  blood  sugar  is 
decidedly  above  normal  immediately  after  etherization  and  then 
begins  to  fall,  usually  with  moderate  variations  from  time  to  time. 
Almost  invariably  towards  the  end  of  a  prolonged  experiment  (several 
hours)  it  falls  considerably,  especially  when  there  is  also  a  fall  in 
blood  pressure.  A  typical  curve  of  the  blood  sugar  under  these 
conditions  is  given  in  Feb.  15  of  Fig.  I.  This  irregularity  makes  it 
very  difficult  to  decide  whether  any  changes  occurring  after  nerve 
stimulation  are  really  due  to  this.  The  results  of  experiments  in 
which  a  positive  result  seems  clear  are  given  in  curve  form  in  the 
remainder  of  Fig.  I.  In  all  these  cases  the  blood  pressure  was  above 
80  mm.  during  the  experiment.  In  five  other  experiments  of  the 
same  type  the  results  were  extremely  doubtful,  mainly  because  the 
blood  sugar  was  either  already  falling  at  the  time  the  nerve  was 
stimulated  or  because  it  was  very  irregular.  In  still  another  five 
experiments  the  results  were  entirely  negative. 

The  experimental  details  were  variously  modified  from  time  to 
time,  particularly  with  regard  to  the  nutritional  condition  of  the 
animal  (i.e.,  presence  of  glycogen  in  the  liver)  and  the  manner  of 
stimulating  the  nerve.  The  most  satisfactory  results  were  obtained 
on  practically  glycogen-free  animals  (starvation  plus  adrenajin  on  the 
day  preceding  the  experiment).  Stimulation  of  the  right  vagus  in  the 
thorax  was  found  to  be  the  most  practicable  and  it  was  usually  the 
case  that  the  stimulation  at  first  was  caused  by  slowly  interrupted 
weak  Faradic  shocks,  which  were  later  raised  in  intensity. 

In  two  dogs  the  right  vagus  was  cut  in  the  neck,  four  and  six 
days  preceding  the  actual  experiment.     After  this  period  the  cardio- 
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inhibitory  fibres  in  the  nerve  have  entirely  lost  their  irritability  while 
according  to  Pavlov  and  his  school  the  secretory  fibres  to  the  stomach 
and  pancreas  are  intact.  It  w&s  hoped  that  it  might  be  possible  to 
demonstrate  the  insulin-secretory  fibres  by  stimulating  the  de- 
generated nerve  in  the  neck.  The  results  of  both  experiments  were 
negative. 
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In  the  five  experiments  that  have  been  grouped  as  yielding 
positive  results  the  following  facts  are  noteworthy.  The  experiment 
yielding  the  most  definitely  positive  results  is  that  of  March  8th 
in  which  the  blood  sugar  began  to  fall  within  20  minutes  of  the  start 
of  stimulation  and  began  to  rise  again  within  45  minutes  after  it  was 
stopped.  This  was  a  starved  animal  and  the  blood  pressure  kept  up 
well  during  the  experiment.  In  four  others  (Dec.  7th  and  20th, 
Jan.  12th  and  March  14th)  there  was  an  immediate  though  not  con- 
spicuous fall  in  blood  sugar  immediately  following  the  application  of 
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the  stimulus  and  it  either  stayed  down  so  long  as  this  was  continued 
(2  cases)  or  recoverd  (2  cases).  In  all  these  cases  recovery  occurred 
either  during  the  stimulation  or  after  it.  The  very  short  latent  period 
coupled  with  the  usually  brief  period  of  hypoglycaemia,  caused  by  the 
stimulation,  in  most  cases,  makes  us  hesitate  in  drawing  definitely 
positive  conclusions  from  the  results.  However,  it  must  be  remem- 
bered that  it  is  characteristic  of  the  action  of  insulin,  injected  either 
subcutaneously  or  intravenously  in  unanaesthetised  dogs  and  rabbits 
that  the  fall  in  blood  sugar  occurs  immediately  and  it  is  possible  that 
when  insulin  is  added  to  the  portal  circulation  as  it  would  be  in  the 
experiments  here  recorded  the  fall  would  be  still  more  prompt.  The 
subsequent  recovery  in  blood  sugar  occurring  during  the  stimulation 
might  be  due  to  fatigue  of  the  nerve  control.  It  must  also  be  remem- 
bered that  it  reauires  very  much  larger  doses  of  insulin  to  cause  any 
change  in  blood  sugar  in  etherized  animals  than  in  those  that  are 
unaesthetised. 

Taking  the  results  as  a  whole  we  consider  that  there  is  some 
indication  that  the  vagus  may  control  the  secretion  of  insulin  but 
final  proof  of  this  awaits  further  investigation. 
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IX.  The  Effect  of  Insulin  on  the  Metabolism  of  Normal  Dogs 

By  J.  J.  R.  MACLEOD,  F.R.S.,  F.R.S.C,  and  Frank  N.  Allan,  M.B. 

(Read  May  Meeting,  1923) 

Adjudged  from  the  behaviour  of  the  respiratory  quotient,  there 
is  no  doubt  that  insulin  stimulates  the  combustion  of  carbohydrate  in 
diabetic  animals  (1).  There  is  evidence  that  it  may  also  do  so  in 
normal  animals  (2),  particularly  in  dogs.  Since  carbohydrates  have 
a  marked  protein-sparing  action  in  metabolism,  it  is  possible  that 
this  might  also  occur  as  a  result  of  insulin,  because  of  the  increased 
combustion  of  carbohydrates,  and  would  be  revealed  by  a  retention  of 
.nitrogen  in  an  animal  in  nitrogenous  equilibrium  on  a  diet  consisting 
mainly  of  protein  (meat,  free  as  far  as  possible  from  fat).  When  on 
the  other  hand  the  diet  contains  a  larger  proportion  of  carbohydrate, 
and  much  protein  is  therefore  being  spared  without  insulin,  the 
injection  of  this  substance  would  be  much  less  likely  to  cause  the 
nitrogen  output  to  vary.  To  test  these  possibilities  the  following 
investigation  was  undertaken.  The  opportunity  was  also  taken  to 
investigate  other  possible  influences  of  insulin  on  metabolism.  One 
of  these  relates  to  its  possible  influence  on  the  acid  base  balance  of 
the  body,  for  it  is  stated  by  Collip  that  acetone  bodies  may  appear 
in  the  urine  of  rabbits  after  an  overdose  of  insulin,  accompanied  by  a 
lowering  of  the  alkaline  reserve  of  the  blood.  In  the  present  investi- 
gation we  have,  therefore,  determined  the  daily  excretion  of  ammonia 
and  of  (titratable)  acid  before,  during  and  after  administration  of 
insulin. 

Another  question  is  with  regard  to  the  excretion  of  creatin  and 
creatinin.  Since  one  of  the  animals  in  this  investigation  was  kept  on 
an  excessive  protein  diet  containing  little  carbohydrate,  under  which 
conditions  creatinuria  is  known  to  become  established,  it  seemed  worth 
while  to  see  whether  insulin,  through  its  presumed  stimulating 
influence  on  carbohydrate  metabolism  might  cause  an  alteration  in 
the  excretion  of  creatin  and  creatinin  (3). 

Method. — A  female  dog  was  placed  in  a  metabolism  cage  and  the 
urine  and  washings  of  the  cage  collected  in  a  bottle  containing  toluol 
placed  under  the  cage.  Catheterization  was  performed  at  the  same 
hour  every  morning,  and  the  urine  thus  collected  added  to  that 
collected  in  the  bottle. 
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In  the  first  series  of  experiments  the  dog  was  fed  a  daily  ration 
of  500  g.  of  fresh  chopped  beef,  free  from  visible  fat.  Daily  deter- 
minations of  the  nitrogen  content  of  the  diet  were  not  made,  so  that 
there  may  have  been  a  slight  variation  in  daily  intake  of  nitrogen, 
particularly  in  the  earlier  experiments.  This  source  of  error  was 
avoided  as  much  as  possible  in  the  later  experiments  by  having  a 
quantity  of  meat  sufficient  to  serve  for  a  long  period  chopped  up  at 
one  time,  thoroughly  mixed,  and  preserved  on  ice.  The  meat  was 
fed  in  equal  portions  in  the  morning  and  afternoon  and  it  was  always 
taken  readily. 

In  the  second  series  of  experiments  the  ration  consisted  of  a 
mixture  of  meat  and  oatmeal.  100  grms.  of  minced  beef  was  boiled 
with  100  to  200  grms.  of  oatmeal  and  the  mixture  given  twice  a  day. 
The  animals'  relish  for  this  mixture  varied  considerably,  and  this 
constituted  one  of  the  difficulties  of  this  part  of  the  experiment. 
Insulin  in  sufficient  amounts  to  bring  the  sugar  level  almost  to  the 
convulsive  level  was  given  on  certain  days.  The  Kjeldahl  method 
was  used  for  determination  of  the  nitrogen,  the  van  Slyke  and  Cullen 
method  for  urea  and  ammonia  (4),  and  the  Folin  method  for  creatinin 
and  creatin  (5).  The  titratable  acidity  was  measured  by  the  Folin 
method. 

Results.- — ^These  are  given  in  the  accompanying  tables,  but  before 
discussing  them  it  may  be  of  value  to  describe  briefly  the  general 
reactions  and  the  behaviour  of  the  blood  sugar  on  one  of  the  days  on 
which  insulin  was  administered. 

On  Feb.  2nd,  10.00  a.m.,  —1.5  cc.  of  insulin  (15  units)  injected 
subcutaneously  in  the  dorsal  region,     11.55  a.m.,  Blood  sugar  0.061%. 
12.45  p.m.    Dog  appears  quite  normal. 
1.15  p.m.    Dog  is  beginning  to  show  the  symptoms  of  hypoglycaemia. 

It   is    weak    and    unsteady   on   its   feet,    and    there  is   profuse 

salivation. 
2.15  p.m.   Apparently  normal. 
2.45    p.m.    Symptoms    again    appeared — tremor,     unsteadiness    and 

salivation. 
3.00  p.m.   Blood  sugar  0.046. 
8.00  p.m.    Dog  appeared  perfectly  normal.     Given  5  cc.  of  insulin 

(5  units). 
10.00  p.m.   There  is  some  unsteadiness  and  hyperexcitability. 
Feb.  3rd.   The  dog  appeared  quite  normal. 

Taking  the  observations  from  Feb.  1st  to  5th  inclusive  as  illus- 
trative it  will  be  observed  that  on  the  day  insulin  was  given  a  marked 
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reduction  occurred  in  the  urea,  the  creatin,  and  (nearly  3  g.)  in  the 
total  nitrogen.  The  urea  diminished  relatively  more  than  the  total 
nitrogen.  The  creatinin  was  unchanged.  There  was  a  very  slight 
increase  in  ammonia.  (It  will  be  noted  that  creatin  forms  a  very 
high  percentage  of  the  total  creatinin  excretion  in  Dog  C.  on  the 
excessive  protein  diet  with  no  carbohydrate  in  the  food.  We  have 
not  found  in  the  literature  reports  of  creatin  excretion  in  normal 
dogs  under  the  same  circumstances,  but  a  similar  creatin-creatinin 
ratio  is  found  in  tables  given  by  Benedict  and  Osterberg  (Journ. 
Biol.  Chem.  18,  p.  195)  for  phlorizinized  dogs  fed  a  high  protein  diet 
free  from  creatin.  A  high  creatin-creatinin  ratio  is  also  reported  by 
Denis  and  Kramer  (Journ.  Biol.  Chem.  30,  p.  189)  in  a  child  on  a 
high  protein  diet.) 

On  the  day  following  the  insulin  administration  the  excretion  of 
nitrogen  and  urea  were  still  subnormal.  On  the  third  day  the  nitrogen 
excretion  had  returned  to  its  former  level. 

The  following  facts  are  noteworthy  on  the  other  occasions  on 
which  insulin  was  given : 

(1)  Shows  no  change. 

(2)  Shows  a  decided  decrease  in  nitrogen  and  urea,  and  an  increase 
in  ammonia  occurring,  however,  in  the  urine  of  the  day  following  that 
on  which  insulin  was  given.  This  may  be  due  to  the  late  hour  (3  p.m.) 
at  which  insulin  was  given.  The  high  results  obtained  on  the  day 
preceding  the  insulin  day  detract  from  the  value  of  this  observation. 

(3)  Shows  a  decrease  in  total  nitrogen  and  urea  again  on  the  day 
following  the  giving  of  insulin. 

(4)  Since  there  is  doubt  regarding  the  accuracy  of  the  total 
nitrogen  determination  on  Jan.  13th,  this  observation  is  disregarded. 

(5)  Considering  the  severity  of  the  hypoglycaemic  symptoms  and 
the  fact  that  glucose  had  to  be  given,  the  reduction  which  occurred  in 
nitrogen  and  urea  must  be  considered  small.  It  is  important  to  note 
that  the  excretion  of  ammonia  was  not  affected,  and  that  that  of 
acid  was,  if  anything,  less  than  the  usual. 

(6)  A  slight  fall  in  nitrogen  and  urea  occurred  on  the  day  following 
that  on  which  insulin  was  given. 

(7)  The  findings  of  this  observation  have  already  been  discussed. 

(8)  There  is  a  decided  fall  in  both  nitrogen  and  urea  both  on  the 
day  on  which  insulin  was  given  and  on  the  succeeding  day.  Creatin 
is  also  reduced  but  there  is  no  decided  change  in  either  ammonia  or 
acid. 
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Allowing  for  the  loss  of  nitrogen  in  the  faeces,  the  animal  was 
usually  in  a  state  of  nitrogenous  equilibrium.  Taking  the  results  as 
a  whole  it  is  safe  to  conclude  that  insulin  when  given  to  the  extent  of 
causing  definite  but  not  severe  symptoms  usually  causes  a  decided 
decrease  in  the  excretion  of  total  nitrogen  in  which  urea  and  creatin 
share  more  or  less  proportionately.  Since  the  nitrogen  of  the  faeces 
w^as  not  determined  it  is  of  course  possible  that  these  results  may  be 
due  to  faulty  absorption  of  protein  resulting  perhaps  from  the  general 
disturbance  due  to  insulin.  The  normal  amount  and  appearance  of 
the  faeces,  however,  makes  it  unlikely  that  this  explains  the  results. 
It  is  perfectly  clear  from  the  behaviour  of  the  ammonia  and  acid 
that  there  could  have  been  no  significant  disturbance  of  the  acid-base 
equilibrium  as  a  result  of  insulin. 

The  results  of  the  observations  with  a  mixed  diet  are  given  in 
Table  II  (p.  55).  The  determinations  of  excretion  of  creatin  and 
creatinin  and  of  total  acid  were  omitted.  The  nitrogen  excretion  is 
about  one-third  that  observed  when  protein  alone  was  given,  the 
relative  percentage  of  urea  is  usually  less,  and  that  of  ammonia 
relatively  greater,  although  the  absolute  amount  is  decidedly  less. 
Although  insulin  administration  was  followed  by  a  very  slight  decrease 
in  total  nitrogen  and  in  urea  on  Feb.  20th  the  result  is  inconclusive 
since  it  is  within  the  experimental  error.  A  second  dose  of  insulin 
was  given  to  the  same  animal  about  ten  days  after  the  last  observa- 
tions recorded  in  the  table,  but  unfortunately  it  died  of  hypoglycaemic 
coma. 

The  observations  were,  therefore,  repeated  on  another  animal, 
insulin  being  given  on  two  occasions.  It  was  remarked  that  although 
very  large  doses  were  administered  no  symptoms  of  hypoglycaemia 
developed,  no  doubt  because  of  the  protective  influence  of  the  large 
stores  of  glycogen  which  must  have  been  deposited  in  the  liver.  On 
the  first  occasion  the  insulin  caused  no  significant  change  in  the 
nitrogen  excretion  of  the  day  on  which  it  was  given,  and  the  results 
of  the  following  day  are  valueless  because  the  animal  succeeded  in 
stealing  some  meat.  On  the  second  occasion  insulin  appeared  to 
raise  the  nitrogen  excretion  on  the  same  day  with  a  corresponding 
decrease  on  the  day  following.  On  both  occasions  the  excretion  of 
ammonia  and  the  total  acid  became  greater  on  the  day  on  which 
insulin  was  given.  This,  it  will  be  noted,  occurred  in  the  other 
animal,  while  on  similar  diet,  on  the  day  following  insulin. 

Taking  these  results  as  a  whole  it  seems  clear  that  insulin  does 
not  cause  a  diminution  in  protein  metabolism  in  animals  in  which 
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carbohydrate  forms  a  large  proportion  of  the  diet.     There  is,  howev'er, 
evidence  in  such  cases  that -some  acid  substances  are  liberated. 

University  of  Toronto, 
Toronto 
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Remarks 

Dec.    5.   Dog  in  good  condition.     Weight — 8  Kgms. 
"     10.   No  symptoms. 

"     13.   Insulin  at  3  p.m.  and  8  p.m.     B.S.  0.059%  at  4.45  p.m.     Slight  symptoms. 
"      17.    (Part  of  urine  spilled.) 
"      19.   Insulin  at  11  a.m.  and  3.30  p.m.     B.S.  0.059%  at  3.30  p.m.  and  0.040%  at 

8  p.m.     No  symptoms. 
"     20  to 
Jan.     4.  In  interval  dog  fed  dog  biscuit.     Put  on  500  gms.  meat  again. 
"       8.  Fed  250  gms.  meat  extra  by  mistake. 
"     18.  Insulin  at  9.45  a.m.     B.S.  0.088%  at  11.45.     Severe  symptoms  of  hypo- 

glycaemia  so  that  at  1.45  p.m.  necessary  to  inject  10  gms.  glucose. 

Immediate  recovery. 
"     25.   Insulin  at  10.25  a.m.,  3.45  p.m.  and  9.10  p.m.     B.S.  0.072%  at  12  and 

0.064%  at  5  p.m.     No  symptoms. 
"       9.   Insulin  at  10.30  a.m.,  4.45  and  6  p.m.     Unsteadiness  and  tremors  at  12. 

B.S.  at  2  p.m.     0.088%. 

*Insulin  given  here. 

(1)  Average  nitrogen  content  of  meat  taken  as  3.25%.     The   meat   used  in  the 

period  from  Jan.  30  to  Feb.   10  had  apparently  a  somewhat  higher  N. 
content. 

(2)  Excretion  of  nitrogen  in  faeces  calculated  to  average  1.0  gm.  per  day. 


[MACLEOD  &  ALLAN]     EFFECT  OF   INSULIN  ON  METABOLISiM 


55 


:ij 


c 

tn    . 

(M 

16 

T-M 

n 

^  "■ 

"n 

E^ 

7) 

>,-c 

c 

ry)     1) 

SI  c 

SI 


%  total  N. 

^  00  r^ 
»o  oc  o 

■  ^  cc  c  -:t* 
•  ^  c:  05  lO 

O  >C  iC 

•  C:  iC'  t^  O 

lO  iC  1— 1 

CO  CO  CO 

•  C^  O  CO  lO 

■  CO  CO  ■^  CO 

o 

ooc 

•  c  cc  o 

H 


O 


H 


■*  lO  Tfi       ■  rt  'tl  "^  Tfl 


IQIOICIO'CIC'CIO 


oocooooo 

I  I ++++++ 


C   A 

O 

c 

O 

c 

o 

^ 

•^ 

C   biO-i- 

c 

-a 
c 

3Q  H 

3 
in 

C 

o 

■-       a 

-a 

'^ 

OJ    U)    +-> 

O   tn 

o 

c 

i 

u^    p    >< 

II 

as  J 

4J    " 

o 

f«     r/)    +^ 

«  S' 

C 

"^ 

00 

c^ 

(/) 

Z 

"« 

-J-  '^5  "-• 

CC  GO  Tf 

.^__ 

rS"*«^^ 

»o  c;  t- 

o 

r-H  i-H   ^H 

rs 

u 

CJ 

0; 

o 

•  CM  o     ■ 

•        C^  -M      •      • 

•  ceo     • 

•     •  CO  i-~     •     • 

•  ooo    • 

.    •  r^t>     •    ■ 

■OC:     ■ 

•     -co  CO    ■    ■ 

■  •*  -^      • 

.     -co-*     •     • 

■OC      ■ 

.     -OO     ■     • 

•  —  'M      • 

■    -COO     •    • 

■c  —     • 

.      ■  C5  CO      •      • 

.  —  -2     . 

.     -OO     •     • 

•  t^  t^     • 

0000      •      • 

■  GO  CO      ■ 

■       -10  05       •       • 

■  ir:  i^     • 

.      •  «2-t      •      • 

•  CO  CO    • 

.    -CO  '*     •     ■ 

CO 

t^^  O  05 

Oi  ^  ^  i;0  00  O 

r- 

^ 

CO  t^  o  00 

(M  lO  »0  110  05  ■* 

TjH  -^  Tf  t-- 

Tj*   ■*   Tf   lO   CO   ^ 

ca 

X  ■*  IC     • 

CD  ■*  -^  C5  t^  lO 

^ 

t^Tt<  (N       • 

00  CD  CO  lo '— i  r^ 

i-H  1— 1  ^        ■ 

rt  ^  ^  O  (N  -H 

+ 

+  +  + 

++++++ 

lO 

•  lO 

--.,-.- 

r^ 

*    -t- 

05 

o^c<icoTfiocor^ooo50 

(N(NC<lC4(N(M(MC^(N(MCO 

u 

rs 

^ 

CO   £ 

-w  o 
<u    bo 


O   rt 


6^-^ 


(N 

rt 

CO 

3 

in 

<J 

rt 

rt 

c 

o 

C\) 

J^ 

.i    o    O 


c 

o 

01 

hfl 

2 

u 

z  w 

UNIVERSITY   OF   TORONTO 
STUDIES 

PHYSIOLOGICAL  SERIES 


No.  71:  THE  EFFECT  OF  INSULIN  ON  THE  CENTRAL 
NERVOUS  SYSTEM  AND  ITS  RELATION  TO  THE 
PITUITARY  BODY,  by  J.  M.  D.  Olmsted  and  H.  D.  Logan. 

(Reprinted  from  the  American  Journal  of  Physiology,  October,  1923.) 


THE  UNIVERSITY  LIBRARY:  PUBLISHED  BY 
THE  LIBRARIAN,   1923 


mnivcrBit^  of  Toronto  StuMee 

COMMITTEE  OF  MANAGEMENT 


Chairman:  Sir  Robert  Alexander  Falconer,  LL.D.,  K.C.M.G., 

President  of  the  University 

Professor  W.  J.  Alexander,  Ph.D. 

Professor  J.  P.  McMurrich,  Ph.D. 

Brig.-Gen.  C.  H.  Mitchell,  B.A.Sc,  C.B.,  C.M.G.,  D.S.O. 

Professor  G.  H.  Needler,  Ph.D. 

Professor  George  M.  Wrong,  LL.D. 

General  Editor:  W.  S.  Wallace,  M.A., 

Librarian  of  the  University 


Reprinted  from  The  Amekican  Jodrnal  of  Physioloqt 
Vol.  66,  No.  2,  October,  1923 


THE  EFFECT  OF   INSULIN  ON  THE  CENTRAL  NERVOUS 

SYSTEM  AND  ITS  RELATION  TO  THE 

PITUITARY  BODY 

J.  M.  D.  OLMSTED  and  H.  D.  LOGAN 

From  the  Physiological  Laboratory,  University  of  Toronto 
Received  for  publication  June  23,   1923 

The  typical  convulsions  shown  by  rabbits  whose  blood  sugar  has 
been  lowered  to  about  0.045  per  cent  by  the  injection  of  insulin,  as 
described  by  previous  investigators  working  on  the  effects  of  this 
pancreatic  extract  (1),  appear  to  be  somewhat  similar  to  those  pro- 
duced in  strychnine  poisoning.  The  effect  of  this  drug  on  reciprocal 
innervation  is  well  known  through  the  experiments  of  Sherrington. 
Instead  of  the  relaxation  of  one  antagonistic  muscle  simultaneous  with 
the  contraction  of  the  other,  both  muscles  contract.  This  experiment 
is  most  easily  performed  on  decerebrate  cats.  In  attempting  to  dis- 
cover whether  this  condition  held  in  the  insulin  convulsion,  we  en- 
countered the  difficulty  of  being  unable  to  cause  a  lowering  of  the 
blood  sugar  in  the  decerebrate  cats  to  the  level  which  had  been  found 
necessar}^  to  produce  convulsions  in  rabbits.  This  is  not  due  to  generic 
differences  between  cats  and  rabbits  since  typical  convulsions  can  be 
induced  in  normal  cats  by  subcutaneous  injection  of  insulin,  the  dose 
being  about  0.3  cc.  per  kilogram  of  body  weight.  The  following  is  the 
description  of  one  case. 

Cat  6.     Weight  2.6  kgm. 

12:30  p.m.     Eight  tenths  cubic  centimeter  insulin  injected  subcutaneously. 

3:00  p.m.  The  cat  is  becoming  weak  and  comatose;  lies  on  its  side  and  is  hard 
to  rouse;  emits  a  peculiar  cry;  has  tremors  in  hind  limbs;  pupils  of 
eyes  dilate  and  constrict  in  rapid  succession;  defecates  and  urinates. 

3:10  p.m.  Cat  has  become  hypersensitive;  twitching  of  both  front  and  hind 
limbs;  responds  to  auditory  stimuli  such  as  whistling  by  opening 
its  eyes  wide,  pupils  becoming  greatly  dilated;  knee  jerks  elicitable 
on  the  slightest  touch;  gives  flexion  reflex  when  toes  are  pinched; 
respirations  rapid  and  shallow;  salivating  freely;  defecates. 
Appears  uneasy,  raising  its  head.  Blood  sugar  at  this  time  was 
0.046  per  cent. 

3:20  p.m.  Respirations  very  rapid  and  shallow;  muscular  twitching  all  over 
the  body;  head  is  thrown  back;  pupils  widely  dilated;  front  legs 
rigid  and  extended,  hind  legs  limp;  makes  walking  movements 
with  front  legs;  rolled  over  to  right  once  or  twice;  cries  continu- 
ously, salivating  freely;  whirling  does  not  produce  nystagmus. 
Blood  sugar  0.043  per  cent. 
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3:25  p.m.  Respirations  e.xtremely  rapid  and  shallow;  cries;  head  thrown  far 
back;  front  legs  rigid,  hind  legs  limp,  tail  shows  some  rigidity; 
makes  walking  movements  with  front  limbs;  rolls  over  and  over  to 
the  right  emitting  this  peculiar  cry  all  the  time;  the  hair,  particu- 
larly that  along  the  back,  stands  up  straight.  Blood  sugar  0.036 
per  cent. 

3:30  p.m.  Ten  cubic  centimeters  saturated  dextrose  solution  injected  sub- 
cutaneously. 

3:55  p.m.  Front  limbs  appear  normal;  hind  limbs  are  weak  and  show  some 
incoordination;  can  sit  up,  but  sways  slightly  from  side  to  side. 

3:58  p.m.  Six  cubic  centimeters  saturated  dextrose  solution  injected  sub- 
cutaneously.     Animal  fairly  normal  though  rather  weak. 

9:00  p.m.  The  animal  was  found  in  convulsions  again.  Ten  cubic  centimeters 
of  saturated  dextrose  solution  and  1  cc.  epinephrin  injected  sub- 
cutaneously. 

9:00  a.m.  The  animal  has  apparently  entirely  recovered  except  that  it  walks 
slower  than  normally. 

It  was  suggested  by  Dr.  J.  J.  R.  Maeleod  that  the  high  level  of  the 
blood  sugar  in  decerebrate  cats  might  be  due  to  the  action  of  the  pitui- 
tary body.  In  order  to  test  this,  a  series  of  cats  was  decrebrated  in  the 
usual  manner,  the  cut  passing  slightly  in  front  of  the  anterior  corpora 
quadrigemina,  not  only  to  leave  the  pituitary  body  intact  but  also 
to  avoid  injury  to  the  eighth  nerve.  The  latter  was  shown  to  be  in 
good  condition  by  the  response  of  the  cat  to  auditory  stimuli  such  as 
whistling,  clapping  of  the  hands,  etc.  In  some  cats  the  pituitary  body 
was  left  untouched,  and  in  others  it  was  wholly  removed  by  careful 
dissection.     The  condition  was  verified  later  at  autopsy. 

It  was  found  that  if  the  insulin  was  injected  immediately  after  the 
removal  of  the  pituitary  body,  an  insulin  convulsion  ensued.  The 
convulsion  was  characteristic,  showing  the  rolling  over,  swallowing 
movements,  defecation  and  urination.  There  was  no  phonation  or 
salivation  as  these  are  not  possible  in  decerebrate  cats,  also  the  hair 
did  not  rise. 

In  estimating  the  blood  sugar,  blood  was  taken  from  the  carotid 
artery  and  the  percentage  calculated  by  the  Shaffer-Hartmann  method. 
It  was  noted  that  in  all  cases  where  the  blood  sugar  was  low,  the  blood 
was  very  dark  and  venous  in  character^ — in  fact,  the  approach  of  the 
blood  sugar  to  the  convulsive  level  could  be  foretold  by  the  color  and 
character  of  the  blood.  In  all  our  experiments  except  cat  2,  the  ani- 
mals were  starved  18  to  48  hours  before  the  operation  of  decerebration 
or  decapitation. 

From  table  1  it  will  be  seen  that  when  the  pituitary  body  is  left 
intact  the  blood  sugar  maintains  a  constant  high  level  or  may  actually 
rise.  Under  these  conditions,  although  the  injection  of  insulin  causes 
a  fall  in  the  blood  sugar,  in  the  most  extreme  case  (cat  5)  it  was  still 
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far  above  the  convulsioh  level.  Cat  2  was  not  starved  before  the 
experiment  and  it  will  be  noted  that  insulin  causes  very  little  effect, 
though  the  animal  was  unable  to  survive  a  second  injection.  It  is 
much  easier  to  bring  the  blood  sugar  down  to  the  convulsive  level  in 
a  starved  than  in  a  well-fed  animal,  because  there  is  no  store  of  glycogen 
in  the  liver  which  can  be  utilized  to  restore  glucose  to  the  blood.  (Cf. 
effect  in  rabbits  (2).) 

TABLE  1 
Decerebrate  cats — 'pituitary  body  intact 


BLOOD  SUGAR  PERCENTAGE  AT  HOUR  INTERVALS  FOLLOWING  DECEREBRATION 

1 

2 

3 

4 

5 

20  d' 

0.320 

0.390 

0.366 

0.350 

30  cf 

0.316 

0.298 

0.320 

0.320 

42  cf' 

0.258 

0.260 

0.400 

0.360 

59 

0.230 

0.270 

0.300* 

0.170 

•0.160 

249 

0.248 

0.310 

0.350 

0.370* 

0.285 

2<^ 

0.240* 

0.240 

0.235 

0.200* 

Insulin  injected  at  the  time  indicated. 


TABLE  2 

Decerebrate  cats — -pituitary  body  removed 


BLOOD  SUGAR  PERCENTAGE  AT  HOUR  INTERVALS  .\FrER  DECEBEBR.VTIO.V 

C.\.T  KO. 

1 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

44  9 

0.250   0.172 

0.120 

0.101 

0.084 

0.116 

0.117 

0.112 

0.111 

0.114 

0.117 

69 

0.230 

0.212*0.124 

0.080 

0.058* 

0.052 

28  cf 

0.170*0.136 

0.084 

0.072 

29  9 

* 

0.048t 

0.026t 

0.040t 

32  9 

if 

0.040t 

0.020t 

0.030t 

419 

0.250 

0.310 

0.248 

0.222  0.270 

*  Insulin  injected. 

t  Oonvulsions  occurred  at  this  point. 

Table  2  shows  that  in  decerebrate  cats  with  the  pituitary  bod}'  re- 
moved, although  the  blood  sugar  immediately  after  decerebration  is 
comparatively  high,  it  does  not  become  higher  or  even  maintain  its 
high  level.  In  cat  44  the  normal  was  reached  after  three  hours,  and 
wa.s  maintained  fairly  constant,  after  an  initial  drop,  for  eight  hours. 
This  initial  rise  is  probably  due  to  the  ether  anesthesia,  as  it  is  known 
that  the  percentage  of  blood  sugar  rises  during  ether  narcosis  (3). 
The  blood  sugar  in  the  decerebrate  cats  which  showed  convulsions 
(cats  29  and  32)  reached  the  low  level  of  0.026  and  0.020.     The  effect 
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seemed  most  readily  produced  by  injecting  insulin  immediately  after 
decerebration.  In  this  table  we  have  included  cat  41  which  was 
intended  to  serve  as  a  control  animal  like  cat  44.  The  maintenance  of 
the  high  blood  sugar  is  due  to  the  fact  that  the  animal  was  partially 
asphyxiated  by  constant  gathering  of  mucus  in  the  tracheal  cannula 
throughout  the  entire  experiment.  It  showed  great  difficulty  in  breath- 
ing and  frequently  had  slight  convulsions.  This  is  the  usual  effect  of 
asphyxiation  (4),  for  the  blood  sugar  in  a  rabbit  will  rise  in  five  minutes 
from  normal,  i.e.,  about  0.120  per  cent,  to  0.225  per  cent  by  clamping 
the  trachea  until  an  asphyxial  convulsion  takes  place. 

Since  epinephrin  acts  in  an  opposing  manner  to  insulin  (5)  it  was 
thought  that  the  adrenals  and  the  pituitar}^  body  might  act  in  con- 
junction with  one  another  to  counteract  the  effect  of  insulin.  Conse- 
quently, in  two  decerebrate  cats  the  pituitary  body  was  removed  and 
in  addition  the  adrenals  were  tied  off  bj'  means  of  mass  ligatures. 

•  T.\BLE  3 

Pituitary  body  removed  and  adrenals  tied  off 


BLOOD  8UG.\R  PERCENTAGE— TIME  IN  HOURS 

CAT  NO. 

1 

2 

3 

4 

5 

6 

23  d^ 

27  9 

0.230 
0.184 

0.176 

0.148 

0.150* 
0.118 

0.090* 
0.110 

0.090 

0.097 

*  Insulin  injected. 

Table  3  shows  that  the  adrenals  evident^  play  little  part  in  main- 
taining the  high  blood  sugar  level.  This  confirms  the  observations  of 
Stewart  and  Rogoff  (6). 

The  typical  convulsion  both  in  the  normal  and  in  the  decerebrate 
cats  seems  to  be  always  associated  with  disturbances  in  the  medulla 
of  the  brain.  This  is  evidenced  by  the  salivation,  phonation,  rapid 
respiration,  loss  of  control  of  the  sphincters,  etc.  The  respiratory 
center  seems  to  be  affected  most  of  all  since  those  animals  to  which  an 
overdose  of  insulin  has  been  given  die  of  respirator}''  failure,  and  their 
arterial  blood  becomes  very  dark  and  venous  in  character.  Since  the 
convulsion  is  the  same  in  decerebrate  as  in  normal  cats  (except  for 
phonation  and  salivation)  the  effect  of  the  insulin  cannot  be  on  the 
cerebral  hemispheres,  for  in  a  decerebrate  cat  these  are  entirely  re- 
moved. In  order  to  determine  whether  the  spinal  cord  was  affected  by 
insulin  a  series  of  cats  was  completely  decapitated  and  kept  in  proper 
experimental    condition   for   hours   by   means  of  artificial  respiration. 

Table  4  shows  that  the  blood  sugar  of  decapitate  cats  has  the  same 
initial  high  level  as  the  decerebrate  cats  and  that  ther     is  a  gradual 
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falling  off  toward  the  normal  as  in  decerebrate  cats  with  the  pituitary 
body  removed.  The  initial  high  level  is  probably  due  to  the  action 
of  the  ether  anesthesia. 

Cats  31  and  33  formed  an  interesting  comparison.  They  were 
identical  in  very  way,  having  been  obtained  from  the  same  litter  and 
both  were  in  perfect  condition  when  the  experiment  started.  These 
cats  were  subjected  to  exactly  the  same  conditions  as  to  aeration, 
etc.,  but  cat  33  received  insulin  whereas  cat  31  did  not.  The  blood 
from  cat  31  appeared  over-aerated,  was  very  bright  red  in  color  and  did 
not  clot  easily.  On  the  other  hand,  in  cat  33  the  samples  of  blood  taken 
in  the  neighborhood  of  the  convulsive  level  appeared  under-aerated, 
were  very  dark  in  color  and  clotted  easily.  The  latter  is  characteristic 
of  the  blood  of  both  normal  and  decerebrate  cats  taken  during  the 
period  of  convulsions. 

TABLE  4 
Decapitate  cats 


BLOOD  SUGAR  PERCENTAGE — TIME  IN  HOURS 

1 

2 

3 

4 

5 

6            7 

8 

9 

10 

11 

12 

31  d^ 

0.260 

0.298 

0.284,0.172 

0.132 

0.1130.090 

0.070 

0.070 

0.090 

19c? 

0.220 

0.088 

0.100 

0.120* 

0.1040.062! 

219 

0.18^0.190 

0.180 

0.168* 

0.100 

0.0860.082 

33  d^ 

* 

0.046 

0.036 

0.051 

35  9 

* 

0  028 

0.040 

0.070 

0.0680.0160.028 

0.060 

0.083  O.O80I0. 091 

*  Insulin  injected. 

Although  the  blood  sugar  was  maintained  below  the  convulsion 
level  in  the  decapitate  cats  for  long  periods  of  time,  particularlj^  in 
cat  35,  there  were  no  signs  whatever  of  convulsion  and  the  animal 
continued  to  act  like  an  ordinary  decerebrate  preparation  for  over 
twelve  hours  without  having  to  inject  dextrose.  A  normal  or  decere- 
brate cat  could  not  have  lasted  so  long  with  a  low  percentage  of  blood 
sugar.  Since  there  was  no  apparent  difference  in  behavior  of  the 
decapitate  preparation  after  injection  of  insulin  it  is  probable  that 
insulin  has  no  direct  effect  on  the  nerve  cells  of  the  spinal  cord.  This 
is  quite  different  from  the  action  of  strychnine,  for  when  this  drug  is 
injected  into  a  decapitate  cat,  the  animal  becomes  hypersensitive, 
abnost  leaping  off  the  table  at  a  touch,  so  exaggerated  are  the  reflexes, 
and  the  reciprocal  innervation  is  lost  so  that  both  antagonistic  muscles 
contract  simultaneously. 

The  fact  that  leaving  the  pituitary  body  intact  caused  the  blood 
sugar  to  remain  at   a   high   level,   raised   the   question   whether   the 
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extract  from  this  gland  when  injected  into  pituitarj^-less  decerebrate 
cats  would  have  the  same  effect.  The  pituitary  body  has  been  shown 
to  exercise  an  effect  on  sugar  metabolism  (7)  and  it  has  been  reported 
that  subcutaneous  as  well  as  intravenous  injections  of  pituitary  ex- 
tract into  normal  animals  causes  a  rise  in  blood  sugar  (8). 

Our  first  series  of  experiments  in  which  pituitrin  was  injected  sub- 
cutaneousl}^  gave  negative  results.  There  appeared  to  be  no  effect 
on  the  blood  sugar  no  matter  what  amount  of  pituitrin  was  injected. 
The  failure  of  the  pituitrin  to  cause  change  in  blood  sugar  was  not 
due  to  the  use  of  an  inactive  preparation  of  the  extract  since  in  each 
case  the  effect  on  the  movements  of  a  piece  of  rabbit  intestine  was 
unmistakable.  The  lack  of  response  proved  to  be  due  to  the  method 
of  administration.  On  injecting  the  pituitrin  intravenously,  we  ob- 
tained a  marked  effect.  In  these  experiments  the  first  sample  of  blood 
was  not  taken  until  three  hours  after  decerebration.     Pituitrin  was 


TABLE  5 

BLOOD  SUGAR  PERCENTAGE — TIME  IN  MINUTES  AFTER  DECEREBRATION 

CAT  NO. 

180 

190 

200 

210 

220 

230 

,  240 

250 

260 

270 

2H0 

290 

300 

310 

400 

445 

89 

0  248 
0.392 
*0.056 
*0.046 

a 

+ 

+ 
0.093 

0.362 
0  060 

0.268 
0.400 
0.053 
0.024 

0  348 

+ 

+ 

0  040 
0  060 

0.380 

+ 
0  046 

0  348 
0.300 
0  086 
0  024 

0  368 

+ 

0  056 

0 

0.368 

0,050 

+ 

0.320 
0  053 

0.400 
0.310 

0.028 

0  020 

0.336* 

38  9 

0  276 

79 

SQJ> 

a  Asphyxial  convulsion  due  to  mucus  in  tracheal  cannula . 
+  Pituitrin  0.5  cc.  injected  intravenously. 
*  Insulin  injected  immediately  after  decerebration. 
c  Insulin  convulsion. 

then  injected  and  three  samples  of  blood  were  taken  at  ten-minute 
intervals.     The  experiment  was  repeated  after  a  wait  of  half  an  hour. 

From  table  5  it  will  be  seen  that  pituitrin  injected  intravenously 
causes  an  immediate  rise  in  the  blood  sugar  which,  however,  is  not 
maintained,  for  in  each  case  there  was  a  falling  off  within  half  an  hour. 
The  effect  was  well  shown  in  cats  7  and  39.  Before  each  injection  of 
pituitrin  these  animals  were  exhibiting  all  the  preliminary  signs  of  an 
oncoming  convulsion,  such  as  increase  in  rate  of  respiration,  restlessness, 
muscular  twitchings.  Immediately  after  the  injection  of  pituitrin 
these  signs  all  disappeared,  the  respirations  became  deeper  and  slower, 
the  cats  became  quieter  and  the  twitchings  disappeared.  This  effect 
may  be  due  to  the  raising  of  the  blood  sugar  alone  or  due  to  a  direct 
antagonistic  action  of  the  pituitrin  against  the  insulin.  Burn 
(9)  believes  the  latter  to  be  the  case. 

The  cat  38  was  a  pregnant  female,  the  fetuses  being  at  nearly  full 
term.     It  will  be  noted  that  although  the  pituitary  body  was  removed 
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the  blood  sugar  percentage  three  hours  after  decerebration  was  of  the 
same  order  as  in  the  decerebrate  cats  with  the  pituitary  intact.  This 
may  be  a  similar  phenomenon  to  that  observed  by  Carlson  and  Gins- 
burg  (10)  on  depancreated  pregnant  dogs. 

Conclusions.  From  these  experiments  it  appears  that  the  bulbar 
centers  are  affected  by  injection  of  insulin  since  typical  insulin  con- 
vulsions can  be  induced  in  decerebrate  cats  whose  cerebral  hemispheres 
have  been  entirely  removed,  but  not  in  decapitate  cats,  although 
in  the  latter  case  the  blood  sugar  may  be  reduced  below  the  convul- 
sion level  and  maintained  there  for  a  considerable  time.  The  pituitary 
body,  if  left  intact  in  the  decerebrate  cats,  causes  a  high  level  of  blood 
to  be  maintained,  so  that  normal  doses  of  insulin  are  unable  to  lower 
the  blood  sugar  sufficiently  to  cause  a  convulsion.  Intravenous  injection 
of  commercial  pituitrin  also  antagonizes  the  action  of  insulin  and  is 
able  to  cause  the  symptoms  of  an  oncoming  convulsion  to  disappear 
temporarily. 

As  to  the  precise  way  in  which  insulin  produces  its  effect  on  the 
bulbar  centers  and  gives  rise  to  the  characteristic  sjaiiptoms  of  the 
insulin  convulsion,  our  experiments  suggest  that  anoxemia  is  an  im- 
portant factor.  There  are  many  points  of  resemblance  between  an 
insulin  convulsion  and  an  asphyxial  convulsion  such  as  that  caused 
by  clamping  the  trachea  of  a  cat  or  rabbit.  In  both  cases  the  animal 
first  runs  about  blindly,  bumping  into  any  obstruction;  it  then  falls 
on  its  side  making  vigorous  running  movements  with  the  fore  legs, 
the  hind  legs  being  often  tightly  flexed  against  the  abdomen;  and  in 
some  cases  the  rolling  over  has  been  observed  in  an  asphyxial  convul- 
sion. Rabbits  as  well  as  cats  show  similarity  in  the  two  types  of  con- 
vulsion. This  behavior  as  well  as  the  fact  that  the  arterial  blood  from 
an  animal  in  an  insulin  convulsion  is  very  dark  and  venous  in  character 
may  indicate  that  the  action  of  insulin  on  the  medulla  is  a  secondary 
effect  rather  than  a  direct  one  upon  the  nerve  cells  of  this  region.  It 
may  possibly  be  that  through  the  lowering  of  the  blood  sugar  certain 
oxidative  processes  become  depressed  to  such  a  degree  that  the  brain 
cells,  which  are  known  to  be  especially  susceptible  to  lack  of  oxygen, 
are  affected  in  much  the  same  manner  as  in  asphyxia.  It  is  as  yet 
impossible  to  conjecture  whether  chemical  changes  in  the  blood  or 
functional  changes  in  the  pulmonary  cells  of  the  lungs  might  be  re- 
sponsible. Investigation  is  now  going  on  in  this  laboratory  in  the 
endeavor  to  throw  light  upon  this  point. 

summary 

1.  Decerebrate  cats  with  the  pituitary  body  left  intact  maintain  a 
high  blood  sugar  level  which  is  not  materially  reduced  by  insulin. 
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2.  Typical  insulin  convulsions  can  be  induced  in  decerebrate  cats 
whose  pituitary  body  has  been  removed. 

3.  The  presence  or  absence  of  the  adrenal  bodies  does  not  appear  to 
have  marked  influence  on  these  results. 

4.  The  blood  sugar  percentage  in  decapitate  cats  may  be  lowered 
and  maintained  below  the  convulsion  level  of  normal  cats,  yet  no  signs 
of  convulsions  be  observed. 

5.  Commercial  pituitrin  injected  intravenously  into  pituitary-less 
decerebrate  cats  appears  to  have  a  similar  effect  as  leaving  the  pituitary 
body  intact,  though  to  a  less  degree. 

6.  The  locus  of  action  of  insulin  is  on  the  bulbar  centers,  particularly 
the  respiratory  center. 
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